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ABSTRACT 

Altl~ough hydropyrolysis ycesscs  have been historically associatcd with 
high yields of methane and lig t hydrocarbon gases, oil yield and selectivity can 
be optimiscd by o erating at relatively low tempcratmcs (< SSOOC) and 
moderate pressurcs (- w) bar). 
siilpbided molybdenum is employed in fixed-bed hydropyrolysis, llquid yiclds 
are comparable to those achieved in direct liquefaction. The influence o coal 
rank on oil yields with and without the Mo catalyst has been investigated using 
some of the Argonne coals, a number of European bituminous coals and 
Turkish lignites and an Australian brown coal. Without catalyst, oil yields 
bi oxily increase with decresing rank and total conversions correlate reasonably 
well a-ith voiaiile matter content. In catalytic hydropyrolysis, total conversions 
approach the reactive niaceral contents for the bituminous coals investigated 
containing 8043% dmmf C. For the lower-rank coals, the im rovements in 
oil yields upon catalyst addition are much more variable. with probably 
ref1ec;s the differing degrees of success .in limiting retrogressive char-forming 
reactions. 

Indeed, when a dispersed catalyst such 

INTRlSDUCrION 

Oi rcceiit studies have shown that tar yields in excess of W o  daf coal 
can be achicved in fixed-bed hydro yrolysis f r bituminous coals using 
dispersed SUI hided molybdenum (Mop catalysts?$ I 2). Relatively low 
temperatures ~bO-520ooC) have been em loyed to maximkc thc selectivity to 
tar (% tar/% hydrocarb?n gases > 5 )  whiit a hydrogen pressure of. l50 bar has 
been sufficient to acheve maximum conversion. Althougr dispersed Mo 
catalysts have I)cen widel used for batchwise hydro enation 3 9 4 )  and direct 
li ucfaction(5-7 , the ear$ u e  of these catalys %ydropyrolysis failed to 
a&ieve a high selectivity to liquid products?e.;? bccause of the high 
temperatures and pressures employed. 

1) has mostly been conducted wing 
a typical UK bituminous coal (Linby, 8% dinmf C). In this study, the 
influcnce of coal rank on conversions and tar composition in fixed-bcd 
hydropyrolysis has bcen invcstigated using a selection of US and European 
coals, togcthcr with an Australian brown coal and immature kerogen samplts. 

The experimental work to date(lBl>* 

EXPERJh4J3T~ 
Samdcs 

kerogem investigated are listed in Table 1. 
Proximate, elemental and maceral analyscs for the suite of coals and 

The suite includes 4 European 
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bituminous coals, 3 Turkish lignites, an Illinois No. 6 coal, two of the Argonne 
remium coal sam les, an Australian brown coal and inmature Type I 

fGaynuk) and I1 (d&sel kerogens. Only the N. Dakota lignite and Wyodak 

bank as the free swelling indices FSI) of the bituminous coals were too ]ugh 
The Illinois No. 6 

saiiiple @errin) uscd here had a FSI of 25 comparcd to a value of 4 for its 
Argonne counterpart. 

For one of the European bituminous coals (Point of Ayr), samples of 
clardn and durain were also used hrving the following maceral composition 

sub-bituminous coal coud  I be used from the Argonne premium coal sample 

(FSI >, 4) and gave rise to bloc 5, ages in the reactor. 

% vlv 

For 
solution 
to yield 

Exinite 
Vitrinite 
Iuertinite 

catalytic tcsts, the coals were loaded with 1% Mo from an aqueous 
of ammonium d'oxydithiomolybdate which dccomposes upon thcnnplysis 
sulphided Mo(1 I \ .  

Hydrorwrn&& 

described previously8~11! the ?allowing conditions being use8 hcre. 
The fixed-bed ydr pyrol sis reactor and experimental roccdure hns been 

Temperature 
Pressure 
Heating rate 
Hold time 
Volumetric flow rate : 
Wt of coal 

5wc 
150 bar 
soc s-' 
10 mill 
10 dm3 min-1 
5 g mixed with 10 g sand 

Char yields were determined from the weight loss of the reactor tube and tar 
yields from the weight din of the dry-ice coolcd trap (only a small atnoimt of 
water - typically less tKan 1% daf coal - was condensed in the trap). Gas 
was recovered, sam led and analysed for C,-C hydrocarbon gases. Tars 
were recovered in $chloromethane for characterishon by NMR, size exclusion 
chromatography, NMR and other appropriate techniques. 

RESLLTS AND DISCUSSION 
Yields and t a t  CornDositiOfi 

Tables 2 and 3 list the tar, char and as yields obtained with and without 
the Mo catalyst for the suite of coals and fcerogens and Figure I. compares the 
tar yields. Without the catalyst, tar yields and total conversions (IOV?&char) 
broadly increase with decreasing rank. Indced, total conversions corrclatc 
reasonably well Rith the volatile matter contcnts of the coals (Figure 2). It is 
noteworthy that tar yields of > 50% daf coal were echicved without catslyst for 
the immature kerogens arid some of the low rank coals. 

As reported previously for Linby coal(1,2), the Mo catalyst gives rise to 
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marked increases in tar p l d  for bituminous coals (??igure 1) without 
colicomitant increases in hy ocarbon8as yield with the highest yield of over 
7wo daf coal being achieved for the Indecd, for Lmby. Qcdling 
and the Herrin coals, the total conversions are similar to their rcactive maceral 
contents (exinite + vitrinite, Tables 1 and 2). However, for the two higher 
rank bituminous coals (Westerholt and Pt. of Ayr. 8p and 87% dmmf C, 
respectively), tar yields are lower and the total conversions are somewhat less 
than their reactive maceral contents. Thus, the available evidence suggests the 
highest tar yields in catalytic h dropyrolysis for bituminous coals are achieved 
for those containing - 80-832 dmmf C with inertinite concentrations below zo%,. 

The bulk compositions of all thc tars from the bituminous coals are broadly 
similar, typical analytical data being suinmarised in Table 4. Catalytic 
hydro y-rolysis tar generally have lower oxygen and sulphur contents and 
slight$ higher number average molecular weights (as determined by SEC) than 
their non-catslysed counterparts. 

Since total conversions are considerably higher for lower rank coals in 
non-catal ic hydropyrolysis (Table 2), the potcntial for improvin tar yield 
with cata?sts is much less than for bituminous coals. Howcvcr, for the low 
rank c o d  and kero em investigated, the effect of the Mo catalyst on 
ccjnversions i s  extremcfy variable with increases in tar ield of between 5 and 
20% daf coal being obtained (Table 3 and Figure 1). &or the Turkish and N. 
Dakota li nites and Wyodak sub-bituminous coal, increases in tar yield were 
be!ow Id compared to over 15% for the Australian brown coal. Indeed, the 
char yields of over 25% for the lignites and Wyodak sub-bituminous coal are 
higher than those for the low-rank bituminous coals (80-83% dlnmf C). 
Reasons for the diffcring behaviour of bituminous coals and most of the low 
rank coals investigated are discussed below. 

&droovrolvsis vs. hnrchwise hvdromnation 

It is iilforniative to compare coal rank trends in hydro yrolysis and 
batchwise hydrogenation with and without the sulphided Mo cataf)yst. For a 
small suite of coals, it was reported previously that at 4ooW and 70 bar 
pressure (cold , measured by chloroform-soluble were higher for bitumi o s 
coals (80-8Sd dmmf C) than for a sub-bituminous coal and lignite?I$. 
However, with the Mo catalyst, oil yields increased with decreasing rank and 
reducing the tzinperature from 400 to 350W accentuated the rank effect due to 
the greater number of labile hcteroatomic bonds in lower rank coals. Thus, 
the trends in batchwise hydropyrolysis with and without catal st are 
diametrically opposed to those in low-severity hydropyrolysis reported agovc. 

Thcse different rank trends are thought to arise from the relatively slow 
heating rate in batchwise hydrogcnation and long residence time at 350-4&IOC 
where the hfo catalyst is most effcctive for promoting hydrogenolysis and 
heteronromk bond cleavage reactions and minimising retrogressive rcactions. 
In contrast, the heating time through this critical ternpcrature window in the 
hydrop)~olysk regime used here is only 10 s and, particulluly for the more 
reactive lower rank coals, this may not be sufficient to prevent char forming 
retrogressive reactions. In addition, the bitumen generated during the early 
stages of rcaction (p robitmien) remains in the reactor during h drogcnation 
whrle it can obvious& volatilise to tar during hydropyrolysjs. k c a u s e  the 
bitumen gcnera:ed from low rank coals is generally more paraffinic and volatile 

crrin coal. 
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marked increases in tar ield for bituminous coals (Figure 1) kithout 
concomita~it increases in h y d h a r h n  as yield with the highest yield of over 
7057a daf coal being achieved for the dcrrin Coal. Indccd, for Linby, Gedling 
and the Herrin coals, the total conversions are similar to their rcactive maceral 
contents (exiilite + vitrinite, Tables 1 and 2). However. for the two higher 
rank bituminous coals (Westerholt and Pt. of Ayr, Sp and 87% drnmf C, 
respectively), tar yiclds are lower and the total conversions are somewhat lcss 
than their reactive maccral contents. Thus, the available evidence suggests thc 
highest tar yields in catalytic h dropyrolysis for bituminous COdS are achieved 
for those containing - 80-832 dnimf C with inertinite concentrations below 
20%. 

The bulk cornpositions of all thc tars from the bituminous coals are broadly 
similar, t ical analytical data being summarised in Table 4. Catalytic 
hydro yrorsis tar generally have lower oxygen and sulphur contcnts and 
slight$ higher number avcragc molecular weights (as determined by SEC) than 
their non-catalysed counterparts. 

Since total conversions are considerably higher for lower r m k  coak in 
non-catalytic hydropyrolysis (fable 2), the potcntiat for improvin tar yield 
with catal sts is much less than for bituminous coals. Howcver, for the ION 
rank coa4 and kero ens investigated, the effect of the Mo catalyst on 
conversions i s  extrcmcfy variable with increases in tar ield of between 5 and 
20% claf coal being obtained (Table 3 and Figure 1). %or the Turkish and N. 
Dakora li nites and Wyodak sub-bituminous coal, increases in tar yield were 
below ld compared to over 15% for the Australian brown coal. Indeed, the 
char yields of over 25% for the lignites and Wyodak sub-bituminous coal are 
higher than those for the low-rank bituminous coals (80-83% dinnlf C). 
Reasons for the diffcring behaviour of bituminous coals and most of the low 
raxk coals investigated are dbcussed below. 

Hvdropyrolvsis vs. batchwise hvdroecnation 

It is informative to compare coal rank trends in hydro yrolysis and 
batchwise hydrogenation with and without the sulphided Mo catagst. For a 
small suite of coals, it was reported previously that at 4OoW and 70. bar 
pressure (cold , measured by chloroform-solubles were higher for bitumi o s 
coals (8r)-8$$ dmmf C) than for a sub-bituminous coal and lignitef13. 
However, with the hi0 catalyst, oil yields incresed with decreasing rank and 
reducing the temperature from 400 to 3SOW accentuated the rank effect due to 
the greater number of labile hetetoatoinic bonds in lower rank coals. Thus, 
the trends in batchwise hydropyrolysis with and without catal st ale 
diametrically opposed to those in low-severity hydropyrolysis reported alove. . 

Thcse different rank trends are thought to arise from the relatively slow 
heating rate in batchwise hydrogcnation and long residence time at 350-4i3.K 
where the Mo catalyst is most effcctive for promoting hydrogcnolysis and 
heteioatomic bond cleavage reactions and minimising retrogressive reactions. 
In contrast, the heating time through this critical temperature window in the 
hydropyrolysis regirne used here is only 10 s and, particularly for the more 
reactive lower rank coals, this may not be sufficient to prevent char fonning 
revogrcssive reactions. In addition, the bitumen generated during the early 
stages of reaction (p robitumen) remains in the reactor during hydrogenation 
while it can obvious& volatilise to tar during hydropyrolysis. Because the 
bitumen gcnera:ed from low rank coals is generally more paraffinic and volatilz 
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in name  than that from bituminous coals, it is probably less effective for 
mcdiating hydrogen atom transfer to initiate bond cleavage reactions. 

Maceral concentrates 

The results for the maceral concentrates from F’t. of Ayr coal (Table 5) 
support the assertion that the bitumen generated during catalytic hydro yrolysk 
plays a key role in tar generation. For the durain sample containing 5% vlv 
exitiite, the total conversion of - 60% daf coal is close to the reactive maceral 
content. In contrast, the conversion for the clarain sample containing 2% 
exitlite is much lcss than that anticipated from that for the whole coal (Table 
3). Clearly, exinite has a syncrglstic effect on vitrinite conversion probably 
due to the high concentration of pyrobitumen generated in pyrolysis. 
Experiments on low temperature sdvcnt extracted coals are in progress to gain 
further insight into thc role of pyrobitumen. 
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Tab!c 2 Hdropvrolvsis yields without fhc Mo eatalvsc 

Coal No. Converslon Char 

PC. of Ayr 1 46 54 
Wescerholc 2 51 49 

Ced I 1 ng 4 45 55 
Illlnols 5 55 45 
Wyodak 6 58 42 
Nth Dekota 7 67 33 
Coynuk a 70  30 
Can 9 68 32 
Seyiromcr 10 75 25 
Loy Yang 11 66 34 

Coynuk Shale 13 73 21 

Llnby 3 52 48 

Messel kerogen 12 85 15 

Tar C,-C, gases 

38 I 
38 4 
38  7 
34 6 
46 N.D. 
47 
52 
47 
48 
53 
49 3 
65 5 
56 4 

Table 3 E E ~ J  

Coal No. Converslon Char Tar C,-c ,  gases 

PI. of Ayr 
West erholc 
Linby 
Cedl l ng  
I I 1  Inol s 
k'yoddk 
Nth Dakota 
Coynuk 
Can 
Seyl comer 
Loy Yang 
Messel Kerogen 
Coynuk Shale 

1 
2 
3 
4 
5 
6 
7 
5 
3 

10 
11 
12 
12 

61 
73 
79  
71 
84 
13 
70 
71 
74 
81 
86 
89 
9s 

39 48 
27 6 1  
2 1  52 
29 64 
16 75  
2 1  S6 
30 6 1  
23 56 
26 52 
19 60 
14 65 
11 84 

2 90 

11 
8 

10 
10 
9 

N.D. 

10 
6 

10 
5 
6 
2 

Table 4 Bulk Drovertles of h v d r o w  rolvsis tar from bl tuminoun c o a t s  

C 84 - a7 
H 6 . 8  - 1 . 5  

N 1 .s 
S 0 . 5  - 1.0* 

n o  3 - 6* 

% 250 - 280 
Aroninr I C  H, mole % 30 - 35 
% Asyhaltenes 25 - 40 

*For a glven c o a l ,  % 0 and S lower for car obtalncd with catalyst 
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ADDITION OF BASIC NITROGEN PROMOTERS T O  ENHANCE LOW SEVERITY 
TWO-STAGE COAL LIQUEFACTION AND COAUOIL COPROCESSING 

R.L. Miller, R.M. Baldwin, and D.R. Kennar 
Chemical Engineering and Petroleum Refining Department 

Colorado School of Mines 
Golden, Colorado 80401 

INTRODUCTION 

Conventional coal dissolution theories have held that coal must be heated to temperatures near 
400 O-450 OC causing thermal rupture of various labile bonds within the three dimensional cross- 
linked coal structure and formation of free radical intermediates. Stabilizing the free radicals 
with hydrogen radicals results in products of lower molecular weight than the parent coal. For 
many years, however, researchers have hoped to develop methods for dissolving coal at low sev- 
erity reaction conditions. As early as 1921, Fischer and Schrader (1) reported producing an 
ether-soluble material by liquefying coal at 350 OC using carbon monoxide and water as reducing 
a ent. More recently, other groups including the Pittsburgh Energy Technology Center (2), the 
Pforth Dakota Energy Research Center (3), SRI (4), Carbon Resources, Inc. (9, Derbyshire (6) ,  
and the Colorado School of Mines (7) have demonstrated the ability to dissolve coal at much 
milder conditions than previously thought possible. These efforts have been prompted by several 
scientific and technological incentives associated with low severity coal liquefaction or  coal/oil 
coprocessing: 

reduced hydrocarbon gas make resulting in reduced feed gas consumption, 

suppressed retrogression of primary liquefaction or coprocessing products 

production of high boiling residuum which is less refractory and thus more 

substitution of cheaper off-the-shelf vessels, piping, and pumps in place of 

fewer severe slurry handling and materials of construction problems as a 

improved distillate selectivity, and enhanced hydrogen utilization efficiency 

resulting in enhanced distillate yields and residuum product quality 

amenable to upgrading in a conventional catalytic hydrocracker 

expensive, custom-designed units 

result of lower operating temperatures and pressures 

Generally, we can conclude from the studies cited above that: 1) if treated carefully, lignites, 
subbituminous coals, and some bituminous coals are inherently very reactive, and 2) certain 
bonds in the coal structure can be cleaved or weakened much more efficiently via selective chem- 
ical action than by thermolysis. However, kinetic data from low severity .liquefaction studies also 
shows that the rate and extent of coal dissolution at mild conditions is strongly dependent upon 
intrinsic coal reactivity. Thus, chemical promoters must commonly be used to achieve sufficiently 
high conversion levels at reasonable reaction times. In searching for effective coal dissolution 

romoters to be evaluated at low severity conditions, we concluded that, based OII results col- 
fected at high reaction severity, basic nitrogen compounds warranted extensive study. Atherton 
and Kulik (8,9) summarized data high severity liquefaction studies using 
1,2,3,4-tetrahydroqtiinoline (THQ) in which THF coal conversion in the range of 85-100 wt70 
(MAF basis) were obtained using Wyodak subbituminous and Illinois 6 bituminous coals at reac- 
tion temperatures of 400 O-450 OC. However, distillate yields from these experiments were much 
lower than expected, and nitrogen elemental balances indicated nearly complete THQ incorpora- 
tion into non-distillable products. 

Our initial low severity coal liquefaction and coprocessing experiments using THQ as coal 
dissolution promoter showed that chemical adduction and possibly physical entrapment of the 
THQ was reduced but that the effectiveness towards promoting coal dissolution remained high 
(7). The objective of this paper is to describe additional single-stage low severity coal/oil copro- 
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cessing data using basic nitrogen promoters. Initial results from two-stage (low severity thermal 
dissolution 1st stage, conventional catalytic upgrading 2nd stage) batch reactor experiments are 
also presented. 

EXPERIMENTAL PROCEDURE 

Three coal samples were used in these experiments. Kentucky bituminous coal and Wyodak coal 
samples from the Wilsonville coal li uefaction pilot plant were used as feed coals in the single- 
stage batch reactor experiments, whje Wyodak coal from the Pennsylvania State Coal Sample 
Bank (sample PSOC-1405P) was used in the two-stage experiments. Ultimate analysis data for 
these coals are presented in Table I. Each coal sample was vacuum-dried to less than 0.1 wt% 
moisture before use. 

Cold Lake atmospheric residuum provided by the Alberta Research Council was used as copro- 
cessing solvent. Available characterization data for this feedstock, designaled A-8, are shown in 
Table 11. Both 1,2,3,4-tetrahydroquinoline (THQ) (pKb = 8.97) and di ropylamine (pKb = 
3.00) were evaluated as coal dissolution promoters. Each was purchaselas ACS reagent grade 
and used without further purification. Reactor runs were completed using commercial grade 
hydrogen containing 0.5 mole% krypton as an internal tracer for material balance purposes. 

Table I11 lists the single-stage reaction conditions used in this study. Most of the runs were com- 
pleted at the low severity conditions shown; however, for comparison purposes, several runs were 
also completed at conventional high severity conditions. Two-stage reaction conditions are sum- 
marized in Table IV. Both low and high severity first stage conditions were included in the run 
matrix, while the second stage reaction conditions were held constant; this allowed us to study the 
effect of first stage coal dissolution reaction severity on residuum reactivity during second-stage 
catalytic upgrading. 

Coprocessing experiments were performed using a 300 cm3 Autoclave Magnedrive I1 batch reac- 
tor interfaced to an Apple IIe personal computer for temperature control. The computer also 
provides routine temperature and pressure data acquisition during a run. Reactor heatup tome 
to 330 O-350 O C  reaction temperature was approximately 25 minutes. At the end of a run, water 
was circulated through cooling coils immersed in the reactor contents, allowing cooldown to tem- 
peratures below 200 O C  in less than 20 minutes. Two-stage runs were performed as follows: at 
the end of the first stage reaction, the reactor was cooled slightly to facilitate gas removal, and 
fresh hydrogenwas used to inject sulfided 1/16" extrudates of Shell 324 Ni/Mo catalyst into the 
reactor contents. The reaction temperature and pressure were then adjusted to the prescribed 
second stage conditions and the run completed. 

After cooling the reactor to near room temperature, gaseous products were recovered in evacu- 
ated stainless steel vessels and analyzed for light hydrocarbon gases and carbon oxide gases using 
a Carle Model 11lH refinery gas analyzer. The krypton concentration was also measured and 
used as a tie element for computing product gas yields. Liquid-solid product slurry was removed 
from the reactor using toluene as a wash solvent and quantitatively centrifuged to separate solids 
(termed "centrifuge residue") from the liquid product (termed "decant oil"). The toluene was 
quantitatively removed during vacuum distillation of the decant oil to a 454 OC end oint in a BR 
Instrument corp. spinning band microdistillation apparatus. Portions of the centrigged residue 
and 454 OC+ decant oil residuum were extracted in a SoxhIet extraction apparatus usin cyclo- 
hexane, toluene, and tetrahydrofuran (THF). Selected-product samples were analyzed For carbon, 
hydrogen, nitrogen, sulfur, and ash using standard ASTM procedures. Detailed quantitative 
measurements of THQ or dipropylamine in 454 OC- distillate samples were performed using an 
H P  5890 capillary gas chromatograph interfaced to an HP 5790B quadrupole mass spectrometer. 
These data helped provide a measure of nitrogen compound loses by thermal degradation or 
incorporation. Details of the experimental procedures used in this work have been reported 
(10,ll). 
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RESULTS AND DISCUSSION 

M m m a r i z e s  results of single stage coprocessing runs with Kentucky 9 coal in which the 
efgcts of nitro en compound addltion (THQ or dipropylamine) and reaction severity (low or 
high) were s tu jed .  Increasing reaction severity resulted in a Kentucky coal conversion increase 
of amroximatelv 22 wt% in the THO runs. but only about a 5 wt% increase in the dipropylamine 

Resu 1 ts 

run;.'As ex eckd, distillate yield was even more sensitive to reaction severity with yield 
increases orabout 30 wt% and 53 wt% for the THQ and dipropylamine rum, respectively. Much 
of this increase can be attributed to additional cracking of the Cold Lake residuum at high reac- 
tion severity. 

Figure 2 presents data for a similar set of experiments using Wyodak rather than Kentucky 9 coal. 
In this case, however, coal conversion was found to be more sensitive to a change in reachon 
severity than distillate yield. Increasing reaction severity resulted in a Wyodak coal conversion 
increase of 40 wt% for the THQ runs and 30 wt% for the dipropylamine runs; distillate yield 
increases of only 15 wt% and 17 wt% were noted for these runs, respectively. 

Taken alone, these conversion and yield data seem to favor high severity coprocessing as the 
more attractive processing option. However, as shown in Figures 1 and 2, reaction seven 
strongly influences the ultimate fate of nitrogen compounds added during coprocessin z% 
Kentucky runs, THQ incorporation increased nearly thirteen fold (from 2.9 to 36.9 wtk) ,  while 
dipro ylamine incorporation increased nearly six times (from 2.7 to 15.4 wt%). Incorporation in 
the dyodak runs increased by a factor of about 4-5 for both THQ and di rop lamine addition. 
For the low severity Wyodak runs, nitrogen incorporation was about dougle t ia t  in the low 
severity Kentucky runs, suggesting the importance of interactions between nitrogen species and 
acidic oxygen sites in the coal. 

In our o inion, these data suggest the following two-stage process option: -1- dissolve the 
coal to $HF soluble products at low reaction severity using a nitrogen promoter such as THQ or 
dipropylamine (or a process-derived nitrogen-rich stream) where incorporation and de adation 
losses are minimized, and - catalytically upgrade the coal-derived residuum (anfpetro- 
leum residuum if present) from the first stage to distillate products using conventional hydro- 
cracking reaction conditions and technology. Based on previous studies in our laboratory (12), 
residuum from the first stage produced in this manner is very reactive and more easily converted 
to distillate products. 

Two-Staee Studies 

Based on the single stage results described in  the previous section, a series of two-stage batch 
reactor runs was completed. Figure 3 shows the effect of THQ addition on coal conversion and 
distillate ield during two-stage processing using a low reaction severity first stage. Nearly three- 
fourths ofthe total coal conversion obtained was achieved in the first stage when THQ was pre- 
sent; however, in the "blank" run without THQ only about one third of the conversion was 
achieved in the first stage. In each run, the proportion of distillate produced in each sta e was 
similar to the coal conversion ratios. This result was somewhat unexpected, but can pro%ably be 
attributed to one or both of the following: 1) no attempt was made to optimize second stage reac- 
tion conditions and, thus, the distillate yields obtained were not maximzed, and 2) the presence 
of a coal/residuum synergism, such that distillate yield is enhanced when coal conversion 
increases. The net effect of THQ addition in these nins was to increase coal conversion 30.0 
wt% (MAF coal basis) and distillate yield 12.8% (MAF coal basis) without increasing hydrogen 
consumption or hydrocarbon gas make. 

Figure 4 shows the effect of first stage reaction severity on coal conversion and distillate 'eld. 
The combination of a low severity first stage followed by catalytic hydrocracking r e s u l t e t h  
nearly the same erformance as the high severity nin. However, only about 2.5 wt% hydro en 
(MAF coal basis7 was consumed in the low severity run, while over 6.0 wt% hydrogen (& coal 
basis) was used in the high severity run. Most of the additional hydrogen was consumed by 
hydrocarbon gas formation and not by hydrogenation of the liquid product. Thus, low seventy 
coal dissolution appears to be a promising alternative to conventional high seventy processing. 
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SUMMARY AND CONCLUSIONS 

Results from single-stage low severity coprocessing runs showed that 1,2,3,4-tetrahydroquinoline 
(THQ) and dipropylamine both act to enhance coal dissolution and distillate yields without signi- 
ficant thermal degradation or incorporation into residual products. Decreased reaction severity 
significantly lowered the extent of incorporation, presumably by reducing both chemical incorpo- 
ration and physical entrapment. Two-stage coprocessing studies demonstrated that, in the pre- 
sence of THQ as a coal dissolution promoter, low severity coal dissolution followed by conven- 
tional catalytic hydrocracking gave coal conversions and distillate yields comparable to conven- 
tional high qeverity processing but with much lower hydrogen consumption and h drocarbon gas 
make. These data demonstrate the potential for dcvcloping a viable direct lique&ction or 
coal/oil co rocessing scheme in which coal is dissolved at milder conditions than traditionally 
envisioned: 
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Table I 

ULTIMATE ANALYSIS OF FEED COALS 

Ultimate Analvsis. wt% dw basis Kentucky 9 Wvodak 

Carbon 69.7 61.4 
Hydrogen 4.7 4.0 

Sulfur 4.2 0.7 
0 gen (difference) 9.2 18.6 

Total 100.0 100.0 

Nitrogen 1.4 1.0 

As? 10.8 14.3 

Penn State Wvodak 

67.8 
5.0 
1.2 
1.9 

15.2 
89 

100.0 

Table 11 

PROPERTIES OF COLD LAKE ATMOSPHERIC RESIDUUM 

Distillate Fraction Wt% 
Water 
177 OC - 
I77 0 - 2 6 0 0 ~  
260 O - 343 OC 
343 0 - 454 oc  
454 o c  + 

Ultimate Analvsis. drv basis 

'Carbon 
Hydrogen 
Nitrogen 
Sulfur 
Oxygen (difference) 
Ash 

Solvent Solubility 

Tetrahydrofuran 
Toluene 
Cyclohexane 

0.0 
0.4 
4.1 
4.1 

10.9 
80.5 

84.2 
12.0 
1.0 
1.1 
1.7 
0.0 

100.0 
100.0 
.100.0 
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Table 111 

SINGLE STAGE REACTION CONDITIONS 

Low Severity Hieh Severity 

Reaction Temp. (OC) 344 440 

Feed Gas 3 2  3 2  

Initial Pressure (psig) 850 1000 

Maximum Pressure (psig) 1500 2000 

Time at Temp. (min) 30 30 

CoaYA-Sh'itrogen Compound 111.510.5 111.510.5 
Feed Ratio 

Table IV 

TWO-STAGE REACTION CONDITIONS 

Low Severity Hieh Severity 
First Staee First Staee 

Reaction Temp. (OC) 350 440 

Feed Gas H2 H2 
Initial Pressure (psig) 1500 1500 

Maximum Pressure (psig) 2000 2500 

Time at Temp. (min) 45 45 

CoaVA-8/Nitrogen Compound 1/1.5/0.5 1/1.5/0.5 
Feed Ratio 

Second Staee Reaction Conditions (all experiments): 

400 O C ,  2500 psig H2, 45 min., Shell 324 sulfided 1/16 extrudates, 

oiVcatalyst wt. ratio = 50/1 (approximate) 

14 
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Figure 1. Effect of THQ or Dipropylamine (DPA) Addition and Reaction Severity on 
Coprocessing of Kentucky 9 Coal (LS = low severity, HS = high severity) 

Figure 2. Effect of THQ or Dipropylamine (DPA) Addition and Reaction Severity on 
Coprocessing of Wyodak Coal (LS = low severity, HS = high severity) 
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THO/LS NondLS THO/LS Non./LS 

Nitrogen Compound/Reection SoverifY 

Figure 3. Effect of THQ Addition on Low Severity Two-Stage Coprocessing of Wyodak 
Coal (LS =low severity) 

THWLS Nons/HS THO/LS Nons/HS 

Nitmpsn Compound/Reaoion S e ~ r i t y  

Figure 4. Effect of Reaction Severit on Two-Stage Coprocessing of Wyodak Coal 
(LS =low severity, HS = Kgh severity) 
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INTRODUCTION 

Earthy soft brown coals from deposits of GDR (Leipzig area) were 
found to be a highly reactive feedstock for slurry phase 
hydroliquefaction (1). The question arose as to whether 
short-contact-time hydrogenation may be an efficient process for 
hydroconversion of reactive coals (2). Rapid heating up of the 
slurry to the final reaction temperature may have a beneficial 
effect on product yields. 
heating up period in hydrogenation is of importance for the 
explanation of the phenomenon of "coke" formation in the preheater 
sections of hydrogenation units. 

EXPERIMENTAL 

Experiments were carried out in dynamic 0.05 
liter-microautoclaves, enabeling a rapid heating up of the slurry 
to the desired reaction temperature within 1-2 minutes (figure 1). 

After cooling down the autoclaves in air (3-8 minutes) component 
analysis of the solid and liquid hydrogenation product was 
performed by sequential soxhlet extraction with pentane, toluene 
and THF in order to determine oil, asphaltenes, preasphaltenes and 
the organic residue after ashing the whole residue. 
constituents H2S, C02, CO and hydrocarbons were analyzed by 
gas chromatography on several columns (3). 

Parameters of the earthy brown coal feed are summarized in table 
1. 

Table 1: Ultimate and proximate analysis of coal Schleenhaln 

Moisture ash bitumen 

Moreover, a more detailed study of the 

The gas 

C H OD s, 
( w )  (z d )  (% d a f )  X ( d a f )  

9.1 12 ,o 15,5 68.6 5.8 21.3 3.2 0.7 

A comparative study of coal hydrogenation reactivity has shown 
that this coal should be contributed to the most reactive earthy 
brown coals (1). 
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Reaction conditions for the hydrogenation experiments are given in 
table 2. 

Table 2: Reaction conditions 
Final reaction temperature: 

duration o f  the heating up: approximately 90 - 100 sec 
Input : 2.5  g coal 

from 250 OC to 475 OC 
pressure (H2  cold) : 10 MiTa 

2 .5  g tetralene 
0.16 g FeS04x7H20 

Some of the typical temperature profiles measured are shown in 
figure 1. The rapid rocking of the microautoclaves within a 
molten salt bath (NaN03/KN03) has enabled a rapid heating up 
of the slurry to the reaction temperature. Cooling down in air 
occurred without any agitation. 

Pseudocomponent formation versus final reaction temperature is 
illustrated in figure 2. A pronounced increase in oil formation 
was observed at T>400°C caused by an increase in conversion of 
the organic residue (rigid phase) at this temperature. Otherwise 
changes in asphaltene and preasphaltene yield with temperature 
were comparatively small. From this fact one may conclude that 
the degradation of the coal matrix under conditions of rapid 
heating up leads mainly to the formation of oil, water and gaseous 
components. 

Up to 3OO0C the prevailing part of reaction gas consisted of 
carbon dioxide. 
by desulfurization, water formation (T>35OoC) and carbon 
monoxide (T>375OC) and gaseous hydrocarbon formation (figure 3 )  . 

The at T>300°C decarboxylation was accompanied 

Results  from 13C-CP-MAS-NMR measurements of the residues after 
hydrogenation were in a good agreement with these findings (figure 
4). A decrease of signal intensity in the aliphatic region of the 
NMR-spectra was observed at T>350°C together with a stea y 
decrease of the signal intensity of carboxylic groups. 

Results from investigations of the texture properties of 
THF-insoluble residues by Hg-porosimetry and C02-adsorpt 
technique are summarized in table 3. 

Table 3: Texture properties of hydrogenation residues 

the 
on 

Property vp3(t{g) vp (micro) s (macro) S (micro) 
3 2 2 Temperature (%-m /g cm /g 

Coal residue 0.39 0.05 20 139 
250 0.41 0.09 16 244 
350 0.G2 0.07 A 4  186 
400 0.74 0,27 20 729 
450 0.54 0.30 15 815 

For the surface and volume of micropores a jump at 4OO0C was 
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measured, which probably was caused by an increase in C-C-bond 
cleavages occurring at this temperature. Otherwise, there was a 
decrease of macropore surface at T>350°C and of macropore volume 
at T>400°C, which may be caused by the degradation of greater 
particles of the coal matrix. 

The same conclusion of a remarkable bond cleavage at T>400°C may 
be drawn from investigations of the oil composition by 
semi-preparative HPLC (4). Here, a so-called "dry" hydrogenation 
method was applied, described elsewhere (5). 

Results from HPLC analyses are shown in figure 5. 

At T = 35OoC the prevailing components ( 8 0 % )  of the oil were 
neutral and acid hetero-compounds and only minor amounts of 
saturates were found. 

The higher the final reaction temperature the more hydrocarbons 
were found in the o i l s .  The fact that the yield of 
heterocompounds decreased in the range from 4OO0C to 45OoC 
indicates that hydrotreatment reactions of the oils formed 
occurred already under short contact time conditions. 

LITERATURE 
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p. 100 

(2) c.  Fehl, D. Radeck, M. Konig: to be published in Freiberger 
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ABSTRACT 

Several intermetallic alloys are capable of forming reversible hydrides 
by storing atomic hydrogen within their metal matrices at densities that may 
exceed that of liquid hydrogen. 
Mg2Cu, and Mg2Ni as materials to both transport and distribute hydrogen to 
slurried coal while catalyzing the liquefaction process. Liquefaction 
experiments were performed in 5 ml microreactors using Alabama Black Creek 
coal slurried in 1-methylnaphthalene at temperatures of 316, 371, and 427 OC 
and a pressure of 4.83 MPa. Catalyst activity followed the general trend of 
CaNi5 - LaNi5 > FeTi > Mg2Cu > Mg2Ni with total conversions of greater than 
60% obtained from the first three catalysts. As the reaction temperature 
increased, the higher conversions favored the production of additional 
preasphaltenes and oils. The CaNi5 catalyst proved to be the most selective 
towards oils. Noncatalyzed conversion results were approximately half that of 
the most active catalytic intermetallic hydrides at the temperatures 
investigated. The catalysts were recovered after a single wash with THF and 
with the exception of LaNi5 showed no visual evidence of coking. 
results have shown that FeTi catalyst was deactivated by 4% after liquefaction 
at 260 OC and 4.14 MPa. A possible explanation for the increased activity at 
reduced severity may be that hydrogen is supplied to the surface by the 
intermetallic hydride making the surface self-cleaning. 

INTRODUCTION 

In this paper we examine FeTi. LaNi5, CaNi5, 

Previous 

Nickel molybdenum and cobalt molybdenum supported on alumina have been 
studied by many researchers as catalysts for direct coal liquefaction [l-31. 
These bimetallic supported catalysts show increased activity, stability, and 
selectivity when compared with pure nickel and cobalt similarly supported on 
alumina, but deactivate rapidly under liquefaction conditions [4,5]. These 
surfaces may be and often are blocked by metal contaminants o r  organic layers 
which will not permit hydrogen chemisorption, thereby reducing the 
liquefaction rate compared to that of a fresh catalyst charge. What is needed 
is a self cleaning approach which continuously renews the surface while 
delivering atomic hydrogen to the catalytic sites. 

by storing atomic hydrogen within their metal matrices. 
concentrates on FeTi, M i 5 ,  CaNi5, and Mg Cu 
exposed to hydrogen at room temperature, ties, alloys form reversible metal 
hydrides according to the following general reactions [6-91 

Several intermetallic alloys are capable of forming reversible hydrides 
This paper 

When properly conditioned and 

aBbH 

aBbH2 

Aa% + 1/2 H2 - - - >  A 

Aa%H + 1/2 H2 - - - >  A 

Depending upon the temperature and pressure, these intermetallic matrices are 
capable of reversibly storing hydrogen at densities exceeding that of liquid 
hydrogen. Since the absorption process is exothermic, a matrix which has been 
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f u l l y  hydrided a t  room temperature w i l l  desorb atomic hydrogen a t  the  metal  
surface when subjec ted  t o  reac tor  temperatures. A drop i n  pressure w i l l  a l s o  
r e s u l t  i n  the r e l ease  of hydrogen from the  in t e rme ta l l i c  hydride.  Thus, these  
compounds w i l l  d e l i v e r  atomic hydrogen t o  the c a t a l y t i c  sur face  when taken 
from ambient t o  r eac t ion  temperature. 

In t e rme ta l l i c  compounds d i f f e r  chemically from t h e i r  pure components. 
For F e T i ,  the  elements r eac t  with carbon, oxygen, and n i t rogen  forming 
extremely s t ab le  compounds. When a l loyed ,  t h i s  i n t e rme ta l l i c  compound has the 
hydride p rope r t i e s  previously described and is v i r t u a l l y  immune t o  oxida t ion ,  
n i t r a t i o n ,  and carb ide  formation under normal l i que fac t ion  reac tor  condi t ions .  
Furthermore, FexTi a l loys  have been shown to have subs t an t i a l  c a t a l y t i c  
a c t i v i t y  towards hydrogenation reac t ions  (10-131. 

bulk form e l imina tes  the pore d i f fus ion ,  pore blockage, and p a r t i c l e  s i n t e r i n g  
problems eicountered with supported metal c a t a l y s t s .  
c a t a l y s t s  deac t iva t e  by coking r e su l t i ng  i n  s i t e  blockage and metals 
depos i t ion  which causes pore mouth clogging. S t i ege l  and coworkers 141 found 
t h a t  t he  deac t iva t ion  by metals depos i t ion  was pr imar i ly  due t o  the  oxides of 
Fe,  T i ,  Na, Ca, and Mg. Some of t he  in t e rme ta l l i c  hydrides discussed he re ,  
may show some i m u n i t y  t o  metals depos i t ion  because they contain one o r  more 
of t h e s e  elements i n  t h e i r  s t ruc tu re .  F ina l ly ,  it i s  theorized t h a t  desorbing 
hydrogen sweeps contaminants from the  surface preventing t h e i r  depos i t ion .  

I n  a previous study [14 ] ,  FeTiHq was used to ca ta lyze  the l i que fac t ion  of 
Utah and Alabama c o a l s  i n  a 1 - l i t e r  batch r eac to r .  Conversions of 
approximately 50% were obtained i n  30 minutes a t  26OoC and 4.14 MPa while 
su f fe r ing  only a 4% c a t a l y s t  deac t iva t ion .  This research incorporates 5 m l  
microreactors t o  decrease the cos t  of ma te r i a l s ,  reduce ana lys i s  time f o r  
quicker c a t a l y s t  sc reening ,  and t o  more accura te ly  con t ro l  the  amount of  
c a t a l y s t  and r eac t ion  times used. This approach permitted a more rap id  
extension of our i n i t i a l  FeTi inves t iga t ions  t o  include LaNi5, CaNi5, and 
MgpCu. 

EXPERIMENTAL 

EQUIPMENT 

previously used [ 1 4 ] .  
c a t a l y s t  i n  t he  sample is always known. I n  the  1 - l i t e r  system, the  c a t a l y s t  
was ac t iva t ed  (hydrided) i n  a separa te  tubular  reac tor  and then added t o  the  
coa l  s l u r r y  a t  r eac t ion  condi t ions .  
absorption causing c a t a l y s t  packing i n  the  hydride ves se l ,  which made i t  
d i f f i c u l t  t o  de l ive r  a uniform c a t a l y s t  charge to  the r eac to r .  
microreactor system eliminated t h i s  problem by adding the  coa l  s l u r r y  t o  t h e  
in t e rme ta l l i c  hydride c a t a l y s t  which was prepared i n  the  microreactor.  

The microreac tor ,  discussed below, is a modified vers ion  of t he  tubing 
bomb technique used by Maa and coworkers [15] .  The system cons is ted  of two 
microreactor u n i t s ,  mounted on a shaker f o r  a g i t a t i o n ,  t h a t  can be submerged. 
i n  e i t h e r  a sand b a t h  or a water quench tank. The sand bath and quench tank 
allowed f o r  a much f a s t e r  hea t  up and cool down period than the  previously 
used 1 - l i t e r  r eac to r  system. 

Microreactor un i t  

u n i t  was designed wi th  two chambers to  enable separa te  c a t a l y s t  hydriding and 
coa l  s l u r r y  prepara t ion  t o  be performed. 
manufactured by modifying a Kerotest  Shutoff Valve ( p a r t  # T-llON-35-004-AO3). 
A s  o r ig ina l ly  provided ,  t h i s  valve had 1/2" NPT male X female connections.  
The threads were removed from both ends, with the male end being f u r t h e r  
machined to  weld t o  a 1 /2 "  deep 5/8" O.D. hole in  the  Y f i t t i n g .  

These compounds a l s o  serve a s  b imeta l l ic  c a t a l y s t s ,  and t h e i r  use in  the 

Supported metal 

The microreactor system has many advantages over the  1 - l i t e r  autoclave 
The most important advantage is t h a t  the  amount of 

The c a t a l y s t  swelled during hydrogen 

The 

A schematic drawing of a microreactor u n i t  is shown i n  Figure 1. The 

The coa l  s l u r r y  reservoi r  was 

One end of  a 
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1/2" O.D. 37O flared tube hex union was machined flush with the hex and welded 
to the female end of the slant valve. This design allowed the slurry 
reservoir to be accessed for coal and solvent addition as well as cleaning 
purposes, while maintaining the full internal volume of the female entrance to 
the valve. 
provided sources of vacuum, venting, hydrogen, and helium by connecting to the 
1-liter reactor system (see Figure 2). A slant valve was chosen to facilitate 
the addition of the coal slurry to the reaction vessel by making the pathway 
as vertical as possible. The hydride conditioning and liquefaction reaction 
vessel consisted of a 1/2" O.D. socket weld branch to 37' flared tube tee. 
The removable caps allow for catalyst addition prior to the run and product 
recovery and reactor cleansing following the run. 
1/2" O.D. (0,120 wall) stainless steel tubing was welded between the 
liquefaction vessel and the bottom of the Y fitting. This length of tubing 
allowed the reaction vessel to be submerged into the heated sand bath, with 
limited radiative heat transfer to the other components of the system. The 
final branch of the Y fitting enables pressure monitoring as well as providing 
a route to the 1-liter system connections (see Figure 2). Pressure readings 
were recorded by a computer interfaced Bourns 0-5000 absolute pressure 
transducer. The use of quick connects leading to the 1-liter system 
connections and the specially machined Y fitting allowed the catalyst to be 
separately hydrided in the lower vessel prior to slurry addition. All 37O 
flared tubing connections were sealed with the appropriate crush washer to 
ensure no leaks occurred. 

Supporting equipment 

TC-ED temperature controller were both manufactured in England, requiring 
special electrical modification to our laboratory. The English unit requires 
220 VAG single phase power, while the U.S. standard incorporates 2 phases of 
110 VAG to develop 220 VAC. Therefore, a Square D Company (catalog #5S7FIS) 
transformer was necessary before the sand bath was operational. The two 
microreactor units were mounted on a specially made aluminum reactor support 
attached to a Lab-Line Multi-Wrist Shaker. The shaker platform was attached 
to a 6' vertical piece of Thomson 60 case hardened and ground shaft by two 
custom designed combination bearing housings. The housings each had a 2-3/8" 
bore which enclosed both a Thomson ball bushing bearing (#A-203242) and a 
Thomson combination bearing (#CMB-l250). These bearings allowed linear and 
axial motion along the 1-1/4" O.D. shaft, respectively. A 36 kg counterweight 
was connected to the top of the shaker with a movable pulley system. 

PROCEDURES 

5 ml served as the microreactor. 
previously mentioned and monitored by a computer-interfaced pressure 
transducer. A catalyst sample was cleaned and hydrided in the microreactor, 
before a coal slurry was added to the vessel through a slant valve. 
was provided by the shaker attached to the microreactors. After reacting for 
a predetermined time span, the entire reactor system was lifted along a 
vertical shaft using linear bearings and a pulley system and rotated on axial 
bearings before being lowered into the quench tank. 
vacuum lines were separately available for the slurry vessel and the 
microreactor. 

Catalyst preparation 

seal one end of the tee by applying a thin coat of high stress lubricating 
compound to the threads and tightening the 37' flared tube cap. 
catalyst was then placed in the reactor and the other end of the tee sealed 

The line attached to the remaining end of the flared union 

An eighteen inch piece of 

The Tecam fluidized sand bath (model SBL-2D) and its corresponding Techne 

A specially manufactured tee fitting with an internal volume greater than 
It was heated by the fluidized sand bath 

Mixing 

Venting, hydrogen, and 

Prior to loading the reaction vessel with catalyst, it was necessary to 

0 . 2  g of 
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i den t i ca l ly .  
i n  it when the  r eac to r  was lowered i n t o  the ba th .  
subjected t o  vacuum f o r  30 minutes to  remove any physisorbed contaminants. 
Chemisorbed impur i t ies  were removed by exposing the  a l loy  under inves t iga t ion  
t o  a s e r i e s  of 6 .9  MPa hydrogen treatments beginning a t  room temperature.  
Each exposure l a s t e d  approximately 4 h and was followed by evacuation f o r  30 
min. After two room temperature cyc les  were completed, temperature was 
increased f o r  s ing le  cyc les  a t  93 .3  and 2 0 4 . 4  OC and two cyc les  a t  315.6 OC, 
before f i n a l l y  loading the  ca t a lys t  matrix a t  room temperature. 
conditioning process was used i n  order t o  remove sur face  contaminants without 
providing the  necessary energy t o  produce more s t a b l e  sur face  compounds. 

Hicroreactor opera t ing  procedures 
The genera l  l i que fac t ion  procedure cons is ted  of s eve ra l  s t eps .  

the coal s l u r r i e s  were prepared i n  the s l u r r y  r e se rvo i r s .  The sand ba th  was 
regulated to  the  des i r ed  temperature and the s l u r r i e s  were added t o  the  
reac t ion  vesse l s  j u s t  p r i o r  t o  submerging the  r eac to r s  in  the  sand ba th .  
Af te r  the run was completed the  reac tors  were removed from the sand ba th  and 
quenched i n  the  water tank .  F ina l ly ,  the reac tor  contents were emptied f o r  
ana lys i s  and the  r eac to r s  cleaned and dr ied  f o r  t he  next l i que fac t ion  runs.  

( p a r t i c l e  s i z e  45-63  microns) with 2 m l  of 1-methylnaphthalene and adding it 
t o  the  s l u r r y  r e se rvo i r .  Residual coa l  was then r in sed  i n t o  the  r e se rvo i r  
with an add i t iona l  3 m l  of so lvent .  The r e se rvo i r  conten ts  were uniformly 
mixed and the  ves se l  sea led  by connecting the  system tubing. 
atmosphere w a s  removed by vacuum and a 5 .5  MPa hydrogen overpressure 
es tab l i shed  wi th in  t h e  s l u r r y  vesse l .  

over the  c a t a l y s t  was reduced t o  3 . 4  MPa and the  s l a n t  valve was opened t o  
de l iver  the coa l  s l u r r y  t o  the  reac t ion  vesse l .  The microreactors were then 
lowered in to  the  sand ba th  and the  shaker turned on t o  start the  mixing. 
Additional hydrogen was added i f  necessary t o  e s t a b l i s h  a f i n a l  opera t ing  
pressure of 4 .83 MPa. Af te r  a predetermined reac t ion  t i m e ,  the  microreactors 
were removed from t h e  sand bath and lowered in to  the  cooiing water quench tank 
using the  v e r t i c a l  s h a f t  and bearing system previously described. The reac tor  
pressure was slowly reduced by venting with any t r ace  gases being removed by a 
sho r t  vacuum t rea tment .  The outside of the r eac to r s  were then d r i ed  by 
compressed a i r  t o  remove any water before disassembly fo r  product ana lys i s  and 
cleaning. One r eac t ion  vesse l  end cap w a s  removed and the reac tor  conten ts  
r insed  in to  a 1 - l i t e r  j a r  with tetrahydrofuran (THF). After t he  o ther  cap was 
removed, both were cleaned with THF t o  de l iver  any r eac t ion  products remaining 
i n  the caps t o  the  jar .  The sample was then allowed t o  d isso lve  i n  500 m l  of 
THF for  24 h p r i o r  t o  f i l t r a t i o n .  The coal res idue  w a s  r i n sed  from the  s lu r ry  
vesse l  and 0.12 inch walled tubing with THF and saved fo r  f i l t r a t i o n  i n  order 
t o  determine how much coa l  was ac tua l ly  de l ivered  to  the  r eac to r s .  
cleaning, compressed a i r  was c i r cu la t ed  through the  microreactors t o  evaporate 
any res idua l  THF. F i n a l l y ,  the  reac tor  t ee  and end cap threads  were cleaned 
to  remove the  a n t i - s e i z e  compound p r io r  t o  using the  reac tor  f o r  t he  next run. 

Product analysis 

was used to  analyze t h e  sample's. 
and allowed t o  s tand  f o r  24 h p r io r  t o  p r e s s u r e - f i l t r a t i o n  through a g l a s s  
microfiber p r e f i l t e r  and a 5-micron PTFE f i l t e r .  
THF was P r e s s u r e - f i l t e r e d  through the residue t o  complete the ex t r ac t ion .  
f i l t r a t e  was ro t a ry  evaporated t o  recover the  THF f o r  reuse.  The remaining 
THF was allowed t o  evaporate from the concentrated product before repea t ing  
the procedure with two 500 m l  a l i quo t s  of e thy l  ace t a t e .  
cyclohexane completed the  ana lys i s ,  

Any excess a n t i - s e i z e  w a s  removed t o  prevent sand from embedding 
The raw c a t a l y s t  was then 

This stepwise 

F i r s t ,  

The coa l  s l u r r y  w a s  prepared by mixing 1 . 0  g of Alabama Black Creek coa l  

The air  

When the sand ba th  reached the des i red  temperature,  t he  hydrogen pressure 

Af te r  

A modification of  the  p r e s s u r e - f i l t r a t i o n  method described by Narain [16] 
Samples were contacted wi th  500 m l  of THF 

An add i t iona l  500 m l  of pure 
The 

F i l t r a t i o n  with 
The weight of t he  dr ied  inso luble  
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material from each filtration provided the product selectivity results 

DISCUSSION OF RESULTS 

The samples obtained from the liquefaction runs were analyzed and the 
amounts of THF, ethyl acetate, and cyclohexane soluble materials were then 
used to calculate total conversion and product selectivity. 
determined on a dry, ash-free (daf) basis. 

liquefaction of 1 gram of Alabama Black Creek coal (45-63 microns) in 5 ml of 
1-methylnaphthalene at 4.8 MPa. 
which was fully hydrided prior to the reaction. 
maximum yields of 21, 49, and 62% were achieved as the temperature increased 
from 315.6 to 426.7 OC. 
identical conditions, conversions of 18, 25, and 33% were obtained for the 
same temperatures of 315.6, 371.1, and 426.7 OC, respectively. This 
corresponds to the catalyzed conversion ranges of 20-30, 30-50, and 50-66% 
over the same set of temperatures. 
conversion results follow the same trends reported previously [14] for the 
FeTi catalyst. Thus, the catalyst seems to be more effective as the 
temperature increases, which causes the alloy to release additional hydrogen 
from its matrix while improving the reaction rate. At higher temperature and 
longer reaction times we observed a decreasing overall conversion. This may 
be due to the total consumption of the internally stored hydrogen followed by 
repolymerization reactions which produce more THF insolubles. 

Figure 4 shows the product selectivities for the catalysts studied at 
426.7 OC and 4.83 MPa. 
depicted in Figures 4a, 4b, 4c, and 4d. Conversion can be obtained from these 
figures by subtracting the THF insolubles from 100%. 
most active reaching its peak conversion after 30 minutes while the other 
three catalysts reach theirs after approximately 60 minutes. CaNi5, FeTi, and 
LaNi5 all have conversions of 62-66 % with Mg2Cu yielding only about 50 % .  
All the results show a maximum conversion, indicating that the hydrogen has 
been depleted from within the catalyst. Therrfore, the free radicals are 
recombining to form larger molecules some of which are THF insoluble. This 
explains the large decrease in oil fractions compared to the preasphaltenes 
and asphaltenes. 

found by examining both their desorption isotherms and there pure component 
catalytic hydrogenation properties. 
temperature (25 OC) and low pressure ( 0 . 1 - 0 . 4  MPa) desorption isotherms and 
components with known hydrogenation activity. Thus, this combined effect must 
contribute to the higher conversions. 
and l o w  pressure (0.5 MPa) desorption isotherm and metallic species with 
moderate hydrogenation activity. 
has a high temperature (300 OC) and low pressure (0.3 MPa) isotherm, show that 
the conversions are less than those obtained with Mg2Cu. 
that the following series described the trends in activity for the catalytic 
hydrides studied to date: CaNi5 - M i 5  > FeTi > Mg2Cu > Mg2Ni. 
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Figure 1. Schematic drawing of Figure 2. Method of interfacing 
a microreactor unit. the microreactor and l-liter 

Autoclave system. 
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Figure 3. 
Creek coal in 5 ml of 1-methylnaphthalene at l r . 8  KPa using C & i 5  as a 
catalyst. 

Conversion results for the liquefaction of 1 gram of Alabama Black 

[Key: (0) 315.6 O C ;  ( A )  371.1 O C ;  (0) 4 2 6 . 7  OCI 
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Figure 4 .  
Creek coal in 5 ml of 1-methylnaphthalene at 426.7 OC and 4.8 MPa using the 
following catalysts: 
key: 

Selectivity results for the liquefaction of 1 gram of Alabama Black 

(a) C a N i 5 ;  (b) FeTi; (c) LaNi5; and (d)  MggCu. [Symbol 
0 THF insolubles:~ preasphaltenes; 0 asphaltenes; 0 o i l s ] .  
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L , INTRODUCTION 

Previous work in this laboratory has shown improved liquefaction conversion as 
well as improved oil yield when using temperature staging and a molybdenum sulfide 
catalyst (1-3). Using a subbituminous coal (Wyodak), temperature-staging improved 
total conversion and OilkaSphaltene ratio from 57 to 73% and 0.4 to 0.6, respectively (1). 
Use of a molybdenum sulfide catalyst showed increased total conversion and oil yield 
from 42 to 91% and 22 to 35%, rcspcctivcly (2). In the prior work (l-3), an 
assumption was made that ammonium heptdmo~ybddte [AHM] reacted with hydrogen 
sulfide to form ammonium tetrathiomolybdate [ A m ] ,  when in 
containing both oxygen and sulfur (tentatively identified as (N&)2Mo02S2) is formed, 
as described by Garcia and Schoberi (4). The decomposition products of AlTM are 
H2S, NH3, and MoS3/MoS2 at the liquefaction reaction temperatures used (3, but the 
products from (NH4)2Mo02S2 have not been established, and therefore, the form of 
the catalyst with the highest activity was not known. 

To gain a better understanding of the active catalyst, work was done by Garcia 
and Schobert showing comparative behavior between ATTM, sulfided ammonium 
molybdate [SAM], and MoS2 (crystalline). A t  275"C, MoS2 produced better results 
with respect to total coltversion, liquid yield, and hydrodesiilfiirizatiot~ (4). However, at 
325 "C, the precursor salts ATTM and SAM produced improved results, most probably 
because the precursor salts had decomposed at this temperature to an amorphous and 
better dispersed MoS2 (4). At all reaction temperatures, SAM provided superior results 
to AlTM. These results lent support to the idea that precursor salts other than the 
ATTM-MoS2 system could have improved potential as liquefaction catalysts. 

A new approach was taken in the work reported here to synthesize a novel 
molybdate precursor. In order to balance the charged molybdate species, a cation had to 
be introduced. According to Naumann, various molybdenum sulfide salts could be 
produced having similar decomposition temperatures if the cation contained a protonated 
nitrogen system (5). It was thought that addition of a hydrogen donor at the catalyst 
surface could greatly enhance conversion. Since tetrahydroquinoline (THQ) contains 
nitrogen, and it is an excellent hydrogen donor liquefaction solvent, it was decided to 
replace the ammonium ion with THQH+ (THQHf represents the empirical formula 
C9H1 INH+). 
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EXPERIMENTAL 

In order to use THQ in the synthesis of the catalyst precursor, it was necessary 
to prctonate it. A. 6M solution of THQ in dimethyl sulfoxide (THQ was water insoluble) 
was mixed with a 6M aqueous solution of HCI. Crystals precipitated, the mixture was 
filtered and rinsed with THF, and the solid was dried under reduced pressure at room 
temperature. An elemental analysis was done to ensure that THQH+CI- was produced. 

To produce the catalyst precursor, aqueous solutions of AlTM and THQH+CI- 
were mixed together for 48 hours; subsequently a water insoluble precipitate, reddish- 
brown in color, formed. The solution was suction filtered, was rinsed thoroughly with 
water, and the filuate was tested for CI and Mo until the effluent contained trace amounts 
of these elements. The resulting precipitate was dried at room temperature and ground 
to -60 mesh under nitrogen. An elemental analysis led to the preliminary empirical 
formula THQHMo2S7. Since the precursor SAM produced better liquefaction results to 
A m  (4). it was decided to use SAM instead of ATTM as a precursor for the 
hydrogenation catalyst, and using the same procedure, (THQH)GMogS22@ [STM] 
(preliminary empirical formula) was produced. Both THQHM02S7 and STM were 
compared in preliminary experiments to determine the better liquefaction catalyst, and 
STM was eventually chosen as the primary catalyst in this research. 

The coal was impregnated in the same manner as done previously in this 
laboratory (1-4). Coal was slumed with precursor solutions for 2 hours and vacuum 
freeze dried to less than 1% moisture. The degree of dispersion of the catalyst 
precursors on coal could be different because SAM was soluble in water and STM was 
not soluble in water. 

The reaction conditions for liquefaction were as follows. The coal used was 
PSOC 1488, a subbituminous coal from the Deitz seam in Montana. It was chosen 
because of the low sulfur and mineral matter contents and had been used in previous 
Penn State liquefaction work. The reactions were carried out in 25ml microautoclave 
(tubing bombs) reactors in a temperature controlled fluidized sandbath. The catalyst 
loading was 1% expressed as weight of Mo on a daf basis. The solvent used was 
naphthalene at a 2/1 solvent to coal ratio,and the mass of the coal reacted was 2.5g. The 
reactor was flushed three times with hydrogen, with the final addition pressurized to 6.9 
MPa (cold). The reaction sequence included heating to 350 OC for 1 hour, quenching 
and replacing reacted gas with hydrogen, and then heating to 425 OC for I O  minutes 
followed by quenching. The reactor was vettically oscillated 2.5 cm at 200 cycles per 
minute. Further experiments were conducted at the first stage only, and THQ was 
incorporated. into the solvent in later experiments to determine its effect on the reaction 
system. 

The cooled reactor was vented into a glass expansion bulb, and the contents 
were analyzed by gas chromatography using a Varian model 3700. The contents of the 
reactor were then rinsed with THF into a dried Soxhlet thimble and extracted for about 
12 hours under nitrogen. The THF was removed by rotary evaporation. The solid 
residue was dried at 100 O C  for 12 hours before weighing. Conversion was calculated 
by subtracting the weight of the residue from the dmmf weight of the coal and dividing 
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by the dmmf weight of the coal. Liquids were further separated into asphaltenes and 
oils by adding hexane to the THF soluble portion. This mixture was refluxed for 12 
hours under nitrogen, followed by filtration into hexane solubla and insolubles. The 
hexane was removed by rotary evaporation, and the samples were dried at 100°C for 1 
hour before weighing. The oil (hexane solubles) yield was calculated by difference 
from the conversion percentages of the gas yield, THF solubles, and the THF 
insolubles. 

RESULTS AND DISCUSSION 

Table 1 contains the conversion data completed for temperature-staged 
liquefaction for thermal (in absence of catalyst) and catalytic systems with and without 
incorporated THQ in the solvent. Experiments B/1,3,5/89 show that addition of either 
molybdenum catalyst improves total conversion significantly, with the thermal system 
producing 30% conversion and both catalyst systems producing -80% conversion. 
There was little difference between the two catalysts for total conversion. In this series 
of experiments, there was no significant variation in gas make (5M0.5%). The 
interesting results in this group of reactions were in the comparison of liquid yields 
between the two catalysts. STM had reduced asphaltene yield but increased oil yield 
when cornpard to the conventional SAM catalyst, with O/A ratios at 0.55 for STM and 
0.28 for SAM. 

Comparable conversion results at equal conditions using SAM and STM suggest 
that THQH+ plays no role in the dissolution of coal. The superior O/A ratio with STM 
suggests presence of the H-donor on the catalyst surface facilitates hydrogenation of 
asphaltenes. Attaching THQ to the catalyst allows it to function in conjunction with the 
catalyst, but could possibly be reducing the effective surface area of the Mo-0-S 
compound to react with the coal. The next step was to add a small amount of free THQ 
to the system to see if the reaction proceeded differently. 

The solvent mixtures used in experiments B/1/89, C/1/89, and C/2/89 contain 
Og, 0.591g, and 0.121g of THQ, respectively. Table 1 contains the conversion data for 
these experiments. The solvent to coal ratio still remains U l  because an equal amount of 
naphthalene was removed. Total conversion increases in proportion to the amount of 
THQ added. These results were expected based on the known behavior of THQ in 
liquefaction reactions. Gas make increased slightly with increasing THQ in the solvent. 
For liquid yields, asphaltene yield increased only at high THQ content, and the oil yield 
passed through an apparent maximum. At this point, it was decided to add -0. lg of 
THQ for the rest of the reactions because the addition of 0.5g appeared to increase 
conversion so much that it would be difficult to elucidate differences with the addition of 
each catalyst. 

clear at this time. In Table 1, the experiments B/1,3,5/89 and C/2-4/89 show these 
results. There is increased conversion with the addition of THQ to the thermal and SAM 
systems, but this was not the case for the STM catalytic system. The increase in 
conversion for the first two systems appears to be mainly derived from an increase in the 
oil yield, while in the STh4 case the oil yield actually decreased slightly. 

The effect of THQ with the catalysts in the temperature-staged system is not as 
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Finally, it is important to compare STM, SAM + "Free" THQ, and SAM as has 
been done in Table 2 because this information may indicate how THQ best participates 
in this reaction system. The addition of THQ with SAM increases conversion by 
increasing the oil yield when comparing to SAM alone (same as thermal experiments), 
and by increasing the asphaltene yield when comparing to STM ("locked" THQ) alone. 
This suggests that when the THQ is "free" from the catalyst surface. the catalyst and 
THQ can participate more freely in coal dissolution and asphaltene hydrogenation. 
Analytical work in progress on the reaction products will elucidate how this happens. 

initial stage of 350OC. Table 3 shows the reaction information for experiments D/1-3/89 
and E/1-3/89. For the effect of catalyst with no additional THQ (D experiments), the 
results are similar to the temperature staged results. The catalysts improve conversion 
compared to the thermal experiment, but there is little difference in conversion between 
catalysts. The liquid yields increase with the addition of catalyst, but there is little 
difference between catalysts, with the O/A ratios being 0.3 for SAM and 0.33 for STM. 

conversion, possibly because this hydrogen donor does not participate in coal 
dissolution at 350°C. However, liquid yields showed some slight changes, with a slight 
increase in asphaltene yield and a slight decrease in oil yield with added THQ. It was 
initially assumed that the THQ was part of the oil fraction along with the naphthalene, 
but a future experiment may indicate THQ is part of the asphaltene fraction, and if true, 
conversions will have to be corrected. 

The next step was to see what the effect of the catalysts and THQ would be at the 

With the addition of THQ (E experiments), there was little difference in total 

Table 4 does a similar comparison as in Table 2, but little effect can be seen with 
the addition Of THQ at 35OOC. Future experiments will include data for the single stage 
at 425'C. It can be noticed in Tables 1 and 3 that just adding the stage at 425°C for 10 
minutes increases conversion in all cases. 

CONCLUSIONS 

There is still more data being collected at this time in order to elucidate further the 
role of the Mo-0-S catalyst with a hydrogen donor in temperature-staged liquefaction. 
At 35OoC, the use of any M O O S  compound improves conversion relative to thermal 
experiments. The addition of catalyst with "free" or "locked THQ gives no additional 
benefit. At 35OoC, with temperature staging to 425OC, the addition of "free" THQ 
increases conversion and improves the dissolution of coal, while the addition of 
"locked' THQ cannot aid coal dissolution, but it does improve conversion of 
asphaltenes to oils. 
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TABLE 1 Liquefaction Results for Two-Stage System* Comparison of SAM and STM 
Catalysts and the Addition of THQ 

Exp Catalyst THQ Conversion Asphaltenes Oils Gas 

B/1/89 None 0 30.8 13.9 11.7 5.2 
B/3/89 SAM 0 78.5 57.7 16.2 5.5 
B/5/89 STM 0 80.1 49.5 25.2 5.5 
C/1/89 None 0.591 58.4 33.1 16 9.3 
Cm89 None 0.121 39.5 14.5 17.3 7.7 
C/3/89 S A M  0.107 86.5 55.1 26.3 5.1 
C/4/89 STM 0.104 79.4 51.9 21.5 6 

# g % % % 90 
CYA 

0.84 
0.28 
0.52 
0.48 
1.19 
0.48 
0.41 

Exp Catalyst THQ Conversion Asphaltenes Oils Gas 

B/5/89 STM 0 80.1 49.5 25.2 5.5 
C/3/89 SAM 0.107 86.5 55.1 26.3 5 1  
B/3/89 S A M  0 78.5 57.7 16.2 5.5 

# g 90 YO % % 
OIA 

0.52 
0.48 
0.28 

Exp 
# 

D/1/89 
D/3/89 
DDB9 
E/1/89 
EL389 
Em89 
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Catalyst THQ Conversion Asphaltenes Oils Gas CKA 
g % % % 90 

None 0 18.3 7.1 6.8 4.4 0.96 
SAM 0 47.8 33.9 10.2 3.8 0.3 
STM 0 48.5 33.8 11.1 3.6 0.33 
None 0.112 20 11.9 2.8 5.2 0.24 
SAM 0.119 46.2 34 8 4.1 0.24 
STM 0.103 52 39.8 8.4 3.8 0.21 

Exp 
# 

Di2/89 
EL3189 
DDB9 

Catalyst THQ Conversion Asphaltenes Oils Gas CKA 

STM 0 48.5 33.8 11.1 3.6 0.33 
S A M  0.119 46.2 34 8 4.1 0.24 
SAM 0 47.8 33.9 10.2 3.8 0.3 

g % % % % 
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INTRODUCTION 

The effects of aqueous pretreatment on coal and the benefits that can develop for liquefaction or mild 
gasification are areas of current interest. Most of the work has been conducted with water vapor, and 
current accounts include that of Bienkowski et al., who found that water vapor pretreatment enhanced 
liquefaction.' Brandes and Graf, reported that treatment of a bituminous coal treated in water vapor at 
3200-360°C increased the yields of condensibles in subsequent mild pyrolysis, and they found further 
that the coal swelled to nearly twice its original volume with the preaeaanent.V More recent pyrolysis 
work by Kahn et al. showed that premtment with water vapor at 3000-3200C reduced the total oxygen 
content of low rank coals, but not of high rank coals? 

Our work has focused on the use of liquid water at elevated temperams, both as a probe into coal 
smcture? and as a pretreatment for coal liquefaction. In the work summarized here, we examined the 
effects of hydrothermal pretreatment at 25OOC on conversion of Illinois No. 6 coal (PSOC 1098, and 
Argonne Premium Coal Bank samples) in tetralin . Related to the effects on conversions are the changes 
in the pyrolytic behavior of the coal, and some of those. results in that area are discussed as well. 

3 

RESULTS 

Conversion Products 
The pretreatments were conducted in small bomb reactors in liquid water at 25OOC (-38 am). The 
subsequent liquefactions were conducted in stirred autoclaves at 4oooc%?o min in tetralin and 500 psi Hz 
(cold). The work included studies of both the toluene-soluble PS) and toluene-insoluble (TI) product 
fractions, and studies of the pretreated coal itself. All rnani uk3tIOnS followng the pretreatment were 
conducted with a minimum of exposure of the product d t o  the atmosphere. 

Some results are shown in Table 1. The pretreated material was only superficially dried to avoid the risk 
of alKring the material through excessive dryin , and some control runs therefore included conversions 
run with added water (referred to as "wet" t e d i n  runs below). The table shows that there is little 
obvious change in the conversions levels, even after a 5 hr premtment. Further the elemental analyses 
in Table 2 show that there is no significant difference in the overall compositions of the TS fractions. 

Nonetheless we found the products from the donor conversions of the coal and premated coal to be 
qualitatively different. For example, there is a difference in p h y s i c a l r ? ,  yith the former 
yielding a britGe solid, and the latter a tacky y - l i e  product. In acco wth tlus dfference differential 
scanning calometry showed the glass Uansihon temperatures to be respectively -200C and +3O"C. 

The differences are demonsmted more directly in th_e data presented in Figure 1 which compares the 
volatilities and number average molecular weights (MJ of the TS fractions from conversions of the 
pretreated and unpretreated material. The data were obtained with SWs field ionization mass ' 

spectrometer (FIMS) in which the toluene-soluble fractions, fully volatile under these conditions, were 
evaporated into the instnnnent over temperatures from ambient to 5oooC at a heating rate of 2.5'C/min. 
The data in Figure I(a) show that the TS fraction from the pretreated coal were significantly more volatile 
than that from the untreated material. The temperatures at half volatility were 205°C and 250°C for the 
premated and unpretreated cases, respectively. 

The Gin values of the products ranged monotonically from 150-200 m u  for the most volatile portions to 
750 mu for the least volatile for both pr@ucts, but with some prominent differences as shown in Figure 
I@). The figure~hows a breakdown of M, over temperature intervals in tenns of the difference 
&[pretreatedl- Mn[wet tetralin], and substantial M, differences are. concentrated in the more volatile 
half. Thus AMn grows to just above 100 amu up to about ZWC, while the MLs for the less volatile half 
of the products are similar. 
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Pretreated Coal 

1 and -. These changes suggested considerable differences in the 
we accodingly conducted a series of comparisons between it and the as-received 

material. The elemental and ash analyses are presented in Figure 2, with the @values were obtained by 
direct 0-analysis. The figure shows that the H/C and O/C ratios changed only slightly. However the, 
bulk sulfur content was substantially reduced by about 60%, and match3 by lowered ash levels. The 
similarity demonstrates that ash reduction by the hydrothermal medium must involve removal primarily 
of sulfur-containing material, most likely sulfate. 

These results are qualitatively similar to those of Rozgony et al.: who reported 39% and 31% 
reductiom, respectively, in total sulfur and ash for a bituminous coal after hydrothermal treatment at 
292"c/40 min. Our higher values may be due to our lower temperature, which should minimize thermal 
degradation of the organic portion of the coal. 

pyrite is fully insoluble in water at these conditions, and these results are likely related to the ease with 
which coal pyrite is oxidized to sulfate, which would then be water soluble. It is reported for example 
that greater than 98% of the pylytic sulfur in a fresh sample of Illinois No. 6 coal stored in an evacuated 
desiccator was oxidized to ferrous and femc sulfate over a year.7 The material was exposed to the 
atmosphere for only short intervals over that period for sampling, and yet the mineral sulfur oxidation 
was virtually complete. 

It is noted in geochemical studies of marine sediment maturation that aqueous iron sulfate at 
hydrothermal conditions oxidizes organic material.8a This factor could play a key role in the pretreatment 
effect, since the sulfate in coal would be vety finely dispersed. Indeed in scanning elecaon microscope 
(SEM) and energy dispersive X-ray (EDX) studies we found iron to be very broadly and evenly 
dishibuted throughout the organic phase of the coal. It could therefore be responsible for oxidatively 
breaking critical linking groups in the crosslinked matrix. Another explanation could be tied to the 
observation that in the oxidation process the sulfate is reduced to products containing 
pyrrhotite has in turn been associated with the benefits to liquefaction produced by the H2S/FexSy 
family." Thus oxidation of small quantities of organic material could result in relatively large quantities 
of very highly dispersed pyrrhotite, positively affecting the conversions.* 

The morphological changes brought about by the pretreatment were demonstrated by further SEMEDX 
work. We found the starting coal to be present in particles of nominally 50-200 pm, with separate 
particles representing both the bulk organic and bulk mineral phases. The hydrothermal treatment, 
however, substantially decreased the particle size of the coal, with the formation of a fmes fraction with 
nominal particle sizes below 1 pm. A profound change occurred in the bulk mineral phase, which 
became fragmented and irregular in appearance. 

As for Fe, we saw considerable quantities of AI and Si in the organic phase, an observation in line with 
the split of the mineral components in coal between the bulk organic and mineral phases discussed by . 
Finkel~nan.~ Allen and VanderSandeIo have estimated that mineral matter in the organic phase may 
represent up to 15% of the total quantity of mineral material in coal. A distribution of such a fine mineral 
material throughout the organic phase would lead to a significant interfacial volume, and could be 
responsible for the effects of hydrothermal pretreatment. This view is in line with suggestions by Mraw 
et d.," that mineral material within the organic ohase could be sienificant to the behavior of coal in 
general. 

C o a l s .  VolaUlity. and Volat ile Produa . The effects of pretreatment on volatility properties 
were studied by FIMS, comparing the volatiles from both the as-received coal and the hydrothermally 
Premated material. The samples were heated slowly in the inlet from ambient to 5Oo0C, and the signal 
was recorded throughout the heating period. The total volatile yields were virtually identical, 22% and 
23% ofthe as-received and pretreated samples, respectively; however, as shown in Figure 3, the two 

and 

' Pyrrhotite would be formed in he conversion step anyway. However i(s formation at lower temperatures in the 
pretreament step would maintain the fine d i w s a l .  and benefit Ihe subsequent conversion. 
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samples behaved very differently. The figure shows the fin of evolving material plotted against 
temperature. The profile for the as-received coal steadily increases to a single maximum with increasing 
temperature, a behavior expected from the thermolysis of a highly crosslinked material. The profile for 
the pretreated material, on the other hand, is clearly different It appears to be the sum of profiles for the 
as-received coal and for a second, more volatile quantity of condensibles produced by the pretreatment, a 
view consistent with the fact that the number average molecular weight of the volatiles is reduced from 
347 amu for the tar from the as-received material to 326 amu for the preueated coal tar. 

Additional FIMS data are shown in Figure 4, which shows the differences in the distribution of 
molecular weights in the preueated and as-received samples. Specifically the figure plots the response 
difference, (pretreated) - (as-received), against molecular weight intervals up to 750 m u .  The figure 
demonstrates a broad enrichment in lower molecular weight material at the expense of higher weight tars. 
Thus the behavior is not merely a release of trapped material. Rather, the results suggest that the 
treatment changes the coal in some manner such that the tar precursors generate additional lower weight 
material. 

This absolute increase in lighter material is demonstrated by yet other FIMS data in Figure 5. The figure 
shows the thermal evolution profiles for benzene, naphthalene the arenes and their corresponding 
methyl, dimethyl and trimethyl derivatives.. The figure shows that they evolve distinctly differently after 
preueament, distilling from the matrix at considerably lower temperatures. 

DISCUSSION 

Our results demonstrate that coal contains regions with smctural components significantly reactive under 
the hydrothermal environment. While the specific mechanism for this process remains to be developed, 
this activity is reminiscent of findings in studies of accelerated maturation of oil shale, where 
h y d r o t h e d  treatment (hydrous pyrolysis) leads to the production of petroleum hydrocarbons.12 

Recent results by Hoering13 are particularly applicable to the present case. In that work the treatment of 
preextracted Messel shale with water at 33O0Cf3 days generated petroleum hydrocarbons including long 
chain n o d  alkanes, aromatics, and biomarkers. When D20 was used, deuterium was heavily 
incorporated into the hydrocarbons. The conaol results and the distributions of isotopic isomers rule out 
virtually all sources for the hydrocarbons and exchange except chemistry at the preexisting-interphase 
layer at the mineralkerogen b0undary.t Thus the mineral component of the oil shale, or more 
specifically the interfacial volume joining the kerogen and mineral phases, must play a significant role in 
the process. 

When viewed in that context, the pretreatment-generated hydrocarbons for coal case reflects the presence 
of similar immature regions. Such regions have not been included in the coal smctures commonly 
presented, and the possibility of their existence emphasizes the need to consider an the mineral phase in 
coal as a key part of the structure. It is liiely these regions are significant not only under hydrothermal 
conditions, but reactive in a more general sense and significant to the chemism of coal at 
reducing/conversion conditions. Thus the conversions of the less mature, lower rank coals could 
particularly benefit from hydrothermal pretreatment in terms of both product quality and quantity. 
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* 'Ihe FIMS mass values can correspond in some cases to several different structures. However given the relatively low 
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t unextracted alkanes or alkenes were as sources were eliminated in controls with exiracted shale spiked with an n-alkane or 
terminal n-alkene. ?he alkane was recovered unexchanged, and 60% of Ihe olefm was recovaed as the correspading 
alkane, and only slightly tagged Thermally generated radicals from the kerogen could also be dismissed Organic radicals 
at these conditions should react only very slowly with b0 on thermochemical grounds. Moreover any resulting 
deuterated hydrocarbons would have an isotope. distribution far too m w  to match the observed, broad distributions. 
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Table 1 

EFFECT OF PRETREATMENT ON CONVERSIONS OF ILLINOIS 
NO. 6 COAL TO TOLUENE-SOLUBLE PRODUCTSP 

I 

none 

none 
(W-/-F 

H 2 0  (30 min) 

48 
47 

49 
48 

52 
50 

none 59 

56 

a Reaction conducted in 3Wml autoclave with 5 g coal in 30 g tenalin and 500 psi H2(cold) at WCm min 
Coal (5 9) was pretreated with 10 ml Hf l  at 250T and 500 psi N2 (cold) in a 45 ml Parr reactor. 
4 ml water added to tetralii in the conversion of as-received coal. 

Table 2 

Elemental Analyses of Products from Tetralin Conversions of 
Illinois No. 6 Coal at 4OO0C/20 Min 

Condition HK: (W %Os %N 

DryTeualin TS 
TI 

0.98 
0.77 

5.0 
- 

1.1 
- 

1.2 
1.9 

WetTehalin TS 0.98 5.0 1 .o 1.4 
TI 0.81 2.0 - - 

FWxated TS 1.02 4.1 0.9 0.9 
TI 0.73 - - 2.0 
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(a) Fraction of total volatility versus evaporation temperature. 
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(b) Difference number average molecular weight 
(pretreated - wet tetralin) versus temperature. 

Figure 1. Comparison of toluene-soluble fractions from conversions of pretreated and as-received coal. 
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Figure 2. Analytical data for untreated and hydrothermally pretreated Illinois No. 6 coal. 
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Figure 3. FIMS analysis of premated and as-received Illinois No. 6 coal. 

Molecular Weight 
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Figure 4. FIMS response differences as a function of molecular weight range. The 
response data have been normalized so that the values from the two materials can be 
directly Compared. 
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Figure 5. Thermal generation of arenes under hydrothermal conditions. The abscissa 
values refer to the FIMS sample holder temperature. 
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COAL SOLUBILIZATION THROUGH C-ALKYLATION 
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Department of Chemistry 
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Chicago, IL 60637 

INTRODUCTION 

C-Alkylation is an attractive process for the disruption of the intermolecular 
polarization forces that contribute t o  the binding of coal molecules in the solid 
state (1,2). This contribution concerns the use of a powerfully basic reaction 
system that  Consists of a 1:l mixture of n-butyllithium and potassium t- 
butoxide, super base, to promote the C-alkylation reaction of coal with an alkyl 
halide (3). This choice was prompted by the work of Bates and his coworkers 
who showed that dimethylphenol was readily converted to diethylanisole with 
n-butyllithium-potassium t-butoxide and methyl iodide (4). 

EXPERIMENTALSECTION 

Coals. The coals that were used in this investigation included Wyodak (APC 
2), Illinois No. 6 (APC 3), Pocahontas No. 3 (APC 5), and Lower Kittanning 
(PSOC 1197). The Wyodak and Illinois coals were 0-methylated by the 
procedure of Liotta and coworkers (5). 

Procedure. The C-alkylation reactions of the coal samples were carried out 
essentially as reported by Bates and his coworkers (4). n-Heptane (170 ml), 
potassium t-butoxide (5.04 g, 45 mmoles) and n-butyllithium (30 ml, 1.6 M 
solution in hexane, 45 mmoles) were added to a flame dried flask. The mixture 
was stirred a t  room temperature for 15 minutes, the coal sample (1 g) was 
added, and the solution was refluxed for 6 hours. The initial black solution 
turned brown when refluxing began. n-Butyl iodide (11.0 g, 60 mmoles) in n- 
heptane (70 ml) was added dropwise to this coal anion suspension, after 
cooling the flask at  0 C. The mixture was stirred for 48 hours a t  room 
temperature to ensure complete alkylation of the coal anions. The residual 
base was quenched by adding ammonium chloride and methanol. The 
solvents and the excess n-butyl iodide were removed by a rotary evaporator. 
The product was carefully collected and washed with an acidic solution of 
water and methanol (3:l by volume), aqueous methanol (3:1, 20 L) and n- 
hexane (4 L). The product was dried to  constant weight as 110 C under 
vacuum for 48 hours. A portion of each product was subjected to  Soxhlet 
extraction with pyridine. 

RESULTS 

The Lower Kittanning coal, PSOC 1197, was studied first. This high rank coal 
is only 5% soluble in  pyridine. Previous work established that the sodium 
amide promoted butylation yielded a product that was 50% soluble in  pyridine 
(2). Previously, Chambers and his coworkers found that 1.8 methyl groups per 
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100 mol carbon were introduced into this coal by three successive treatments 
with a weaker alkyllithium base and that the thrice methylated coal was 
merely 30% soluble in pyridine (6). 

The results for the super base promoted C-alkylation reaction of PSOC 1197 are 
summarized in Table I. 

In parallel experiments, we observed that the butylated products that were 
obtained through the reaction of n-butyllithium in tetrahydrofuran and 
through the reaction of sodium amide in ammonia were only 10 and 50% 
soluble in pyridine, respectively, In contrast, butylation with super base in 
heptane provided a 90% soluble product. There may be a direct relationship 
between the strength of base and the degree of solubility of the alkylated product 
of this coal. The information that is presented in Table I suggests that about 4 
butyl groups per 100 mol carbon are introduced into the coal in the super base 
system. 

Another relatively high ranking bituminous coal, Pocahontas No. 3, was also 
studied. The butylation and octylation of this coal converted it to  a material 
that was 55% soluble in pyridine. 

Further work on the C-octylation of Wyodak and Illinois No. 6 coal and the 
octylation of their 0-methylated derivatives, Table 11, implies that these 
materials can be converted to substances that are 30 to  40% soluble in pyridine. 

DISCUSSION 

Super base is an especially effective reagent for the C-alkylation and 
solubilization of the two higher ranking coals. Unreacted Pocahontas No. 3 and 
Lower Kittanning coals are merely 2 and 5% soluble in  pyridine, respectively. 
C-Octylation with super base provides materials that, after acid hydrolysis, are 
55 and 92% soluble in this solvent. 

It is pertinent to note that treatment of the Lower Kittanning coal with super 
base followed by acid hydrolysis with ammonium chloride in methanol a t  ice 
temperatures provides unalkylated coal that is 39% soluble in pyridine. 
Clearly, treatment with the base alone must alter the structure in a significant 
way. We postulate that the carbanions formed by the base undergo 
fragmentation reactions to reduce the mass of the macromolecules in  the coal 
and that this transformation increases the solubility (7). C-Octylation 
enhances the solubility to an even greater degree. Inasmuch as the degree of 
solubilization depends upon the dimensions of the electrophilic reagent, we 
postulate that the larger n-alkyl groups enhance solubility by the disruption of 
intermolecular polarization forces (2). 

The lower ranking coals are much more difficult to solubilize through 
treatment with base and C-alkylation. The pyridine solubility of Wyodak is 
increased from 9% t o  37% by exhaustion 0-octylation. No significant 
improvement is solubility was realized by C-octylation of the 0-methylated coal. 

. 

47 



Similar results were obtained with the Illinois No. 6 coal. It is 27% soluble in 
pyridine. This solubility is increased to 33% by 0-octylation and to 43% by C- 
octylation of the 0-methylated coal. The results indicate that only modest 
increases in solubility are achieved through the C-alkylation of these coals. 

Several factors can contribute to the striking difference between the impact of 
base promoted C-alkylation on the solubility of the high and low rank coals, but 
only two factors will be mentioned here. First, there may be major differences 
in the sizes of the coal macromolecules that are present in these coals. Our 
observations appear to be in accord with the observations of Ouchi and his 
coworkers who suggested that the higher rank coals have highly condensed 
aromatic rings but a modest degree of polymerization (2,8). In this situation, 
reaction chemistry that cleaves carbon-carbon bonds and simultaneously adds 
large alkyl groups t o  disrupt the intermolecular polarization forces between 
the constituents can have a large influence on solubility. Second, there may be 
appreciable diflerences in the opportunities for base-catalyzed elimination 
reactions in the hydrocarbon-like, structurally condensed high rank coals and 
the oxygen-atom rich, low rank coals with their smaller ring structures. No 
specific suggestions can be made at this time concerning the relative 
importance of these factors and of other factors that  arise because of 
constitutional differences such as, dipole-dipole interactions between the 
oxygen containing structural elements of the alkylated low rank coal, and 
because of the intermolecular and intramolecular steric strains that arise 
between the condensed hydrocarbons of the high rank coals. 

SUMMARY 

The n-butyllithium-potassium t-butoxide reagent system is more effective than 
other reagent systems for the C-alkylation and solubilization of coals. The 
yields of soluble products, which range from 33 to 92%, appear to depend upon 
coal rank. Although only tentative explanations for the differences in the 
degree of solubilization can be advanced at  this time, we suggest that super 
base cleaves carbon-carbon bonds in the high rank coals and that the C-alkyl 
groups diminish intermolecular polarization forces to render the materials 
soluble. 
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Table I. The C-Alkylation of Lower Kittanning Coal, PSOC 1197. 

reaction conditions: electrophile alkyl groups solubility, 
base, solvent, temperature, per wt % in 
time 100 mol C pyridinea 

n-C4HgLi i t-C4HgOK (l:l), NH4Cl 39 
n-heptane, 98"C, 6 hours. 

n-CrHgLi + t-C4H90K (l:l),  n-C4HgI 4.2 90 

n-C4HsLi + t-C4HgOK (1:l). n-CsH171 2.8 92 

n-heptane, 98"C, 6 hours. 

n-heptane, 98"C, 6 hours 

aApproximately 5 wt% of the original coal could be extracted into pyridine. 

Table 11. The C-Octylation of the Two Low Rank Coals. 

coal reaction conditions: octyl groups solubility, 
base, solvent, temperature Per wt % i n  
time. 100 mol C pyridinea 

Illinois No. 6 
raw KOH, THF, 25OC, 6 hours 3.4 33 

(OMe) n-C4HsLi + t-C4H90K (l:l), 2.4 43 

Wyodak 

raw Bu~NOH, THF, 25°C. 6 hours 3.2 37 

raw n-C4HgLi + t-C4HgOK (l:l), 2.2 33 

(OM4 n-C4HsLi + t-CdH90K 9 (l:l), 2.5 20 

n-heptane, 98OC, 6 hours. 

n-heptane, 98OC, 6 hours 

n-heptane, 98"C, 6 hours 

aApproximately 27 wt% of the original Illinois No. 6 coals and 9% of the 
original Wyodak coal could be extracted into pyridine. 
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INTRODUCTION 

There are certain advantages to liquefying coals in separate 
and successive stages which are operated under different reaction 
conditions (1). For practical reasons, most investigations have 
considered only two stages. The main advantages are to increase 
the selectivity to oil or distillate products and to enhance 
flexibility of operation. 

reaction sequence is from low to high or high to low temperature. 
(Essentially, the low temperature range is typically 250-350°C 
and the high temperature range 40OoC and above. Individual 
studies will depart from this general distinction). In the 
authors' experience, the first stage should be operated at a 
lower temperature than the second. 
mild conditions appears to effect subtle changes to the coal 
structure, such as the addition of small amounts of hydrogen and 
the cleavage of weak crosslinks. The outcome of the first stage 
conditioning or pretreatment is to render the coal more amenable 
to further processing in the second stage. 

Differences of opinion exist about whether the preferred 

Catalytic hydrogenation under 

This paper describes the findings of a program of research 
which was intended to examine the relative effects of catalyst 
type, coal rank and solvent composition on temperature-staged 
liquefaction. 

EXPERIMENTAL 

The three coals used in the study were obtained from the 
Penn State Coal Sample Bank. Their ASTM rank classifications 
were lignite, hvC bituminous and hvA bituminous. The coal 
properties are summarized in Table 1. 

sealed in air-tight containers. They were impregnated with 
catalysts of Mo, Fe or a bimetallic Fe/Mo catalyst, by 
impregnation from aqueous solutions of ammonium tetrathiomolyb- 

The coals were ground to -60 mesh (U.S. sieve size) and 
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date (ATM), (w)2MOs4; iron sulfate, FeS04; or a mixture of these 
two salts. 
quantity of the metal salt(s) in enough distilled water to give 
an approximate water-to-coal ratio of 1.5:l. The coal was then 
added to the solution, which was stirred at room temperature for 
about 30 minutes before the excess water was removed by vacuum 
drying. The residual moisture was less than 2% by weight in all 
cases. 

The procedure consisted of dissolving the desired 

ATM was prepared from ammonium heptamolybdate ( A H M ) ,  
(NH4)$Io&4H20 by bubbling H2S through a solution of AHM for 30 
minutes at room temperature while stirring. The reaction occurs 
quickly (<1 minute), producing a dark-red solution. The coal was 
then added to this solution in the manner described above. 
Related studies have now shown that complete conversion of AHM to 
ATM may not always be achieved and that the tetrathiomolybdate is 
metastable and can revert to the heptamolybdate on storage and 
exposure to oxygen (2). Iron sulfate was used as a precursor for 
the iron sulfide catalyst. The metal loadings were 1% Mo, 1% Fe 
and 1% Fe + 0.1% Mo expressed on dmmf coal. 

Experiments were made in the absence of added solvent and in 
the presence of pyrene, tetralin, a high-boiling (850+’F) solvent 
fraction from the lummus ITSL process and a distillate process 
solvent fraction (220-500’ C) from H-Coal (supplied by 
Consolidation Coal Company). The reactions were performed in 
stainless steel tubing bombs of about 25cm’ capacity. 
solvent-free reactions, 5g of coal was charged and, when solvent 
was present, the charge consisted of 2-59 of coal and 59 of 
solvent. A stoichiometric amount of CS2 was added to ensure that 
enough available sulfur was present to convert the metal to its 
sulfide form. The assumption was made that ATM would convert 
entirely to MoS2, and FeS04 to FeSz. It has since been shown (2) 
that the thermal decomposition of ATM produces a molybdenum 
sulfide with an S/Mo atomic ratio in excess of 2.0. 

first 
stage, 275OC, 3 0  minutes, 7 MPa H2 (cold): second stage, 425OC, 30 
minutes, 7 MPa H2 (cold). The reactor was cooled and vented 
between stages. 
first and second stages. 
up to obtain the net conversion to tetrahydrofuran-solubles, 
asphaltenes (hexane-insoluble) and oils, which were calculated by 
difference. 

Hydrogen consumption was calculated knowing the free reactor 
volume, the initial and final cold reactor pressures and the 
partial pressures of product gases (CO, C02 and c1-C4 
hydrocarbons). 
measurements of the volumetric swelling in pyridine using the 
procedure described by Liotta (3). 

For 

The following reaction conditions were employed: 

The gaseous products were analyzed after the 
The second stage products were worked 

The THF-insoluble residues were characterized by 

‘ I  

I 
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REBULTS AND DIBCUBSION 

The research program entailed the investigation of sixty 
different reaction conditions and a considerably greater number 
of experiments. Space precludes a comprehensive presentation and 
discussion of the findings, which can be found in a more extended 
report ( 4 ) .  The text here will be confined to the more evident 
trends and observations which were indicated by the experimental 
evidence. 

Solvent Composition 

J 

I 

The effects of solvent composition on product distribution 
are shown in Table 2 for the system Fe + Mo catalyst/hvCb coal 
(PSOC-1498). 

In each of the systems studied, the conversions were higher 
in the presence of solvent than in the solvent-free experiments. 
It is not necessary to resort to sophisticated explanations to 
account for this observation: the solvent helps to reduce heat 
and mass transfer limitations: it can provide a source of 
donatable hydrogen: the presence of a liquid medium will aid in 
the distribution of catalyst and the dispersion of the dissolving 
coal. For the system shown in the table, the presence of solvent 
also increased the oil to asphaltene ratio. This was not always 
the case and lower selectivity to oils was recorded in other 
experiments. NO explanation is offered at this time. 

conversion and oil yield. 
evident with the lignite and the hvCb coal than with the highest 
rank coal. Still further gains were apparent with the high 
boiling process solvent: in other experiments the product 
distributions obtained in tetralin and the 850+OF solvent were 
more comparable. 

In comparison to pyrene, tetralin effected some increases in 
The magnitude of the response was more 

Earlier work has shown that this high boiling process 
solvent is an effective liquefaction medium (5). It contains 
about 30% condensed aromatics which, like pyrene, could promote 
H-shuttling. The presence of additional €I-donors could account 
for this solvent affording a more favorable yield structure than 
pyrene alone. 

The results obtained with the distillate solvent were quite 
different. With the hvCb coal, the liquefaction products had 
high asphaltene contents which, by the method of calculation, 
results in negative values of the oil yield. It implies that the 
interaction of the solvent with the coal produced solvent-solvent 
or solvent-coal adducts which report to the asphaltene fraction. 

similar phenomena were found previously using another 
distillate solvent fraction (5). In this case, it was further 
shown that hexane-insoluble products were formed upon catalytic 
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hydrogenation even in the absence Of coal. Evidently, in both 
instances, the presence of catalyst and hydrogen overpressure 
were insufficient to counteract the tendency of the solvent to 
undergo regressive reactions. 

Coal Rank 

The effects of coal rank on product distribution are 
reasonably well represented by the selected data in Table 3. To 
make inferences about rank-dependent behavior from investigations 
of only three coals would be unrealistic. However, the findings 
described below are consistent with the outcome of numerous other 
studies of the influence of coal rank on liquefaction. 

With increasing rank there were decreases in oil yield, oil 
to asphaltene ratio and the yield of CG. It has been shown that 
the potential for producing oils or distillates in catalytic 
liquefaction is greater for lower-rank coals y,7: see also 1 and 
8 )  - 

The greater proportion of the CO, was due to carbon dioxide; 
CO production was not clearly related to coal rank. Typically, 
20-25% of the CO, was produced in the first stage. In contrast, 
the first-stage production of light hydrocarbons was negligible. 
The net C1-C4 yield did not correlate with rank but generally 
increased together with conversion. 

When solvent and catalyst were fixed, it was also found that 
the net hydrogen consumption increased with decreasing coal rank. 
The trend is predictable and follows the rank-related change in 
coal oxygen content. 

Catalyst Type 

relative merits of the different catalyst systems, since so many 
factors can influence the apparent catalyst activity. With this 
caveat, the present research showed that the Mo and Fe + Mo 
catalysts were comparable to each other and superior under all 
conditions to the Fe catalyst, as illustrated in Table 4. It has 
been demonstrated elsewhere that MO catalysts are more active 
than Fe in coal liquefaction (9-11), and synergism for Fe + MO 
combinations has also been reported (12). 

The lower activity of the Fe catalyst was reflected by the 
Consistently low hydrogen consumption compared to that for Mo and 
Fe + Mo. Relatedly, Fe appears to be less active than Mo for 
Promoting hydrocracking reactions. Garg and Givens (11) showed 
that at similar levels of conversion an Mo catalyst (0.02 wt%) 
gave higher selectivity to oils than an Fe catalyst at much 
higher loading (1 wt%). 

Caution must be exercised in drawing conclusions about the 
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The high activity of the combination catalyst is worthy of 
note, since the molybdenum was present at a much lower 
concentration than when used alone (0.1 vs 1.0 wt%). However, 
the dependence of liquefaction performance on the concentration 
of the Mo catalyst has not been established. Hawk and Hiteshue 
(8) showed that Mo introduced as a naphthenate was equally 
effective at a concentration of 0.1 w t %  as 1.0 w t % .  
Consequently, one explanation for the high activity of the 
combination catalyst is that Mo is still the dominant species at 
the lower concentration level. 

Alternatively, the possible existence of synergistic or 
complementary and non-additive effects is of great interest. It 
offers the potential for the development of new and enhanced 
activity coal dissolution catalysts and/or the ability to reduce 
catalyst cost by the partial substitution of a less expensive 
catalyst component while providing the same or a higher level of 
activity. In the case of Fe + Mo, there is some evidence to 
suggest that the two metals interact with coals and coal liquids 
in different ways. 

generally believed to be those of hydrogenation, 
hydrodesulfurization and hydrocracking (9). As discussed above, 
Fe is much less effective for hydrogenation and hydrocracking 
than Mo. Iron catalysts may however exert an important role in 
the reactions of oxygen-containing groups. 

The principal functions of sulfided molybdenum catalysts are 

Montan0 (13) has reported that iron sulfide surfaces are 
involved in the cleavage of oxygen bonds in coals and coal- 
derived products. Similarly, Tekely and others (14) found that 
pyrite promoted the cracking of ether bridges, even in the 
absence of gaseous hydrogen. The interaction of Fe catalysts 
with oxygen groups is further indicated in the present work. The 
difference in activity between the iron catalysts and the other 
two catalysts distinctly decreased with decreasing coal rank. 
Moreover, the pyridine swelling ratios tended to be higher, at 
similar conversion levels, for the residues from Fe-catalyzed 
reactions than from Mo and Fe + Mo, suggesting an ability to 
break and stabilize (oxygen-containing?) crosslinks. 

A tentative proposition is then that Fe and Mo can act in 
concert, iron selectively attacking oxygen-containing linkages 
and molybdenum providing strong hydrogenation activity. 

Comments on Temperature-Staged Liquefaction 

liquefaction mutes the effects caused by altering various 
reaction parameters. 
due to a change in one of the variables is much less than is 
experienced in single-stage, high-temperature reactions. 
Previous studies (4) showed that catalytic temperature-staged 
liquefaction could accommodate quite significant changes 

It was apparent from this work that temperature-staged 

The magnitude of the shift in product yield 
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(reductions) in solvent quality before the consequences became 
significant. 

In this investigation, the poor performance of the 
distillate solvent was evident but there was no clear distinction 
between the other three. Differences in liquid product 
distribution attributable to coal rank were also less than 
expected. From a process standpoint, this can only be considered 
advantageous; the relative insensitivity to changes in process 
conditions will allow easier control and steadier operation. For 
fundamental research, it means that it is more difficult to study 
the impact of reaction variables on the liquefaction process 

Under conditions where there is a plenitude of sources of 
available hydrogen, it may not be possible to readily identify 
the most active catalyst system, or most appropriate solvent. To 
gain more insight into the chemistry of two-stage liquefaction it 
is necessary then either to employ different reaction conditions 
or to seek alternative measures of change which are more 
sensitive than those used here. 
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ABSTRACT 

Studies have been done on pretreatment of three coals from the Argonne Sample bank (Zap Lignite, 
Wyodak subbituminous, and Illinois No. 6 bituminous). For each coal. samples of dried, bn- 
exchanged (using ammonium acetate), methylated, and demineralized (using HCI/HF) coal were 
prepared. The starting samples were characterized by several techniques (FT-IR, TGFFIR, SEM/x- 
ray, FIMS, elemental analysis). Liquefaction experiments were done at 4OO'C (30 min) in 
dihydrophenanthrene (DPH). The two low rank coals that were modified by demineralization and 
methylation showed significant improvements in liquefaction yields, as indicated by the amounts of 
toluene solubles, oils, and pyridine solubles. The ion-exchange treatment was moderately beneficial 
for the Zap Lignite, and for the Wyodak, and had a modest negativa effect on the Illinois No. 6. 
Drying the mal had a negative impact on the liquefaction yields for the two low rank coals, especially 
for the Zap Lignite, and little effect on the Illinois No. 6 coal. The trends for improved liquefaction 
yields were found to parallel trends for improved tar yields and lower CO, yields in a programmed 
pyrolysis treatment. 

INTRODUCTION 

Most of the proposed processing schemes for improving liquefaction yields involve overwhelming 
the retrograde reactions by simply enhancing the bond-breaking reactions. The retrograde reactions 
are often encountered before liquefaction temperatures are reached. Hence, it is important to focus 
on the retrograde reactions themselves. 

The motivation of the present study comes from work that has been done on the pyrolysis of coals 
and modified coals. This work has identified several key factors which are important in retrograde 
reactions which occur under pyrolysis conditions. Solvent swelling (1,2) has been used as a method 
for measuring the crosslink density of pyrolysis chars. The amount of tar formation in pyrolysis is 
another indication of the amount of crosslinking which has occurred (3-7). 

Measurements of the solvent swelling ratio for a number of coals pyrolyzed under the same 
conditions show that the early crosslinking, which reduces liquid yields, occurs In low rank coals (6- 
8). This result is consistent with the observation that the short time liquefaction yields are lowest for 
these coals (9). Suuberg et al. observed that the low temperature crosslinking associated with low 
rank coals appeared to correlate with the evolution of CO, (3,4). This correlation was confirmed in 
recent work done by Solomon and coworkers (69). The source of the CO, is presumed to be the 
carboxyl groups. Solomon et al. (8) found that the loss of carboxyl groups correlated well with the 
evolution of CO,. 

The water content of the coal also appears to play a role In retrograde reaction chemistry. Studies 
have shown that drying the coal can increase the amount of crosslinking which occurs in pyrolysis 
(5) and liquefaction (10). Similarly, steam pretreatment has been found to have a beneficial effect 
on pyrolysis (11) and liquefaction yields (12,13). Solomon et al. (8) also found a correlation between 
the loss in solvent swelling, the evolution of H,O and the loss of hydroxyl groups. 

In addition to solvent swelling and the tar yield, an examination of the tar molecular weight (MWD) 
distribution has been valuable in assessing the degree of crosslinking (7,14). It can be seen that the 
tar MWD measured by Field Ionization Mass Spectrometry (FIMS) for low rank coals drops off fairly 
dramatically above 200 AMU. The dramatic cut off is consistent with the occurrence of crosslinking 
in these coals and the lower tar yields that have been measured. When a low rank coal is 
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methylated, it has been found that the tar yield and the tar MWD begin to resemble a bituminous coal 

The removal of cations from a low rank coal by ion-exchange or demineralization also has a 
beneficial effect on the tar yield and the extent of crosslinking (15) in pyrolysis studies. The role of 
cations in direct liquefaction has not been extensively studied. 

The results from these pyrolysis studies, which have shown the importance of oxygen functional 
groups, water content, and cations on crosslinking, provided much of the motivation for the present 
study of retrograde reactions in liquefaction using coals in which these concentrations have been 
modified. 

EXPERIMENTAL 

Coal Modifications - Three coals from the Argonne sample bank are being used (Illinois No. 6, 
Wyodak, and Beulah Zap). Coal samples have been prepared so that for each coal there is a supply 
of raw coal, dried coal, acid-demineralized coal. ion-exchanged coal for the removal of exchanged 
metal cations (Ca, Na, K) and methylated coal for the blocking of hydroxyl and/or carboxyl groups. 
All of the coal modifications were done at Advanced Fuel Research, Inc. (AFR), except for the 
methylation work which was done at SRI. The starting samples have been characterized by the 
following procedures: TG-FTiR to determine proximate analysis, condensable product yield, gas 
yields, etc.; elemental analysis to determine C,H,N,O, and S; mineral analysis and spatial distribution 
by a SEM/x-ray microanalyzer; quantitative FT-IR analysis of minerals and functional groups; FlMS 
analysis of molecular weight distributions of condensable products; and solvent swelling to determine 
the crosslink density. 

Initial experiments on the methylation of coals using Liotta’s (16) procedure were conducted with 
PSOC 1098, an Illinois No. 6 coal. Subsequent experiments were conducted with the Argonne 
Wyodak coal and the Argonne Beulah Zap Lignite. 

Several techniques were used to assess the degree of alkylation. In contrast to literature reports, it 
was found that the titrimetric estimation of active hydrogens was very difficult because of the absence 
of clear end points. Infrared analysis (KBr Pellet, transmission mode) showed a distinct decrease in 
the %transmission in the OH region. However, the OH band was not eliminated. Elemental analysis 
of the methylated Illinois No. 6 coal showed that about 5 additional carbons were added for every 
100 carbons. This result suggests that nearly all the hydroxyls were methylated. 

Methylated Wyodak coal showed a very substantial decrease in the OH intensity, although the peak 
was not completely eliminated. The elemental analysis of the starting coal (dried) and the once 
methylated derivative gave the following compositions, assuming constant oxygen: 

(14). 

Starting Coal: C H O N  
Once Methylated: C::H:c.cl 

Every OH group that is methylated should result in an increase of one carbon and two hydrogen 
atoms. The observed increase in hydrogen [30] matches closely with that in carbon [16]. If the 
slight increase in nitrogen is to be ascribed to remaining tetrabutylammonium ions, the number of 
0-methyls introduced reduces from 16 to 12. 

Methylation of the Argonne Zap lignite was also performed. The IR spectrum of the product showed 
a much larger amount of residual OH intensity as compared with the Wyodak. The extent of 
methylation was difficult to assess using elemental analysis. 

Ion-exchanged samples of the three coals were prepared using a procedure similar to that used by 
Hengel and Walker (17). In this procedure, the alkali metal cations are removed by treatment with 
ammonium acetate solution. The coals were demineralized using the procedure of Bishop and Ward 
(18). 
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Coal Characterlzatlona - Thus far, each of these three coals has been characterized by SEM/x-ray 
and TG-FTIR at AFR. The SEM/x-ray system Is based on a method originally described by Solomon 
and Manzione (19). The results of the x-ray analysis of the Ion-exchanged and demineralized 
samples confirmed that the concentrations of ion-exchangeable metal cations (Ca, Mg, Na, K) were 
significantly reduced in all three coals (20). For example, in the case of the Wyodak coal, the Ca 
content was 1 .Xi. 0.1 1 and 0.04 wt.% for the raw, ion-exchanged, and demineralized samples, 
respectively. It was found that the Zap and the Wyodak coals have higher concentrations of Ca and 
Mg, which are often ion-exchanged on carboxyl groups in high oxygen coals. It was also noted that 
the demineralization process was much more effective at removing components of clays (AI,Si) than 
the ion-exchange procedure. The SEM analyses of the methylated coals have not yet been 
completed. 

The results of TG-FTIR analysis of the raw, ion-exchanged, demineralized and methylated Zap lignite 
are shown 'n Figures 1 and 2. Each figure shows differential and integral plots for the major volatile 
species. An integral plot for the overall weight loss (labeled 'Balance') is included as the first plot 
in each figure, along with the time-temperature profile and the sum of the gases measured by FT- 
IR (labeled 'Sum'). The TG-FTIR analysis of the dried coal has not yet been done, although it should 
be noted that the standard analysis includes a short (- 5 min) drying period at 150% The main 
differences are seen in the yield of tar. which has been identified previously (see Introduction) as a 
key indicator of the extent of crosslinking. The CO, yields were slightly lower for the demineralized 
and methylated Zap lignite when compared to the raw or ion-exchanged coal. The differences in the 
CO, (and CO and H,O) yields are primarily in the shape of the evolution profile rather than the overall 
yield. An early CO feature that was present for the raw and ion-exchanged Zap lignite was absent 
in the demineralizatfon and methylated samples. The corresponding tar yields are higher for the latter 
coals. From these results, one can infer that the amount of crosslinking decreases in the order 
methylated < demineralized < ion-exchanged c raw. The results for the Wyodak coal were very 
similar. However, the results for the Illinois coal were not significantly different for the various 
pretreatments when compared to the raw coal (20). 

Pyrolysis-FIMS analyses were done of the raw coals and modified coals. The spectra of the 
demineralized and methylated low rank coals more closely resemble the spectra of bituminous coals, 
which is consistent with a reduction in low temperature crosslinking, as discussed in the Introduction. 
The Py-FIMS results for the Zap lignite and Illinois No. 6 coal are shown in Figures 3 and 4, 
respectively. 

Llauefaction EXDerimentS - After the samples were characterized, experiments were done under coal 
liquefaction conditions in a microautoclave reactor which allows for gas analysis (20). The 
experiments were done in dihydrophenanthrene (DPH) at 400'C for a period of 30 min. The yields 
of toluene solubles. pyridine solubles, residue, and gas were determined (20). 

RESULTS 

The results of liquefaction experiments with the coals and modified coals are summarized for the Zap 
lignite and Illinois No. 6 bituminous coals, respectively, in Figures 5 and 6. The oils are classified 
as toluene soluble and hexane soluble. The results for the Wyodak subbituminous coal (not shown) 
are similar to those for the Zap lignite (20). The results show that the decrease in crosslinking, as 
implied by the reduction in CO, yield, roughly correlates with the increased liquefaction yields based 
on the toluene solubles. The trends in CO, yield and toluene solubles from liquefaction generally 
parallel the results for CO yield and tar yield, respectively, determined from pyrolysis in the TG-FTIR 
analysis. However, the differences in total CO, yield observed in the liquefaction experiments are 
more dramatic than those observed in the pyrolysis experiments. 

The extent of retrograde reactions for low rank coals (lignite, subbituminous) is significantly reduced 
by methylation and demineralization. However, these treatments do not have much impact on 
bituminous coal. Ion-exchange has a modest positive impact for most low rank coals while drying 
has a modest negative impact. Drying had little impact on the liquefaction yields from the bituminous 
coal, while the ion-exchange procedure had a modest negative impact. In nearly all cases, the 
changes in the amounts of pyridine solubles by these pretreatments parallel the changes in the 
amounts of toluene solubles. 
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In the case of methylation, a similar beneficial result has recently been observed by Miller et al. (21) 
in liquefaction studies with the Argonne Wyodak coal. The suggested explanations were a reduction 
in hydrogen bonding in the coal and a possible reduction in crosslinking reactions involving OH 
groups. A contributing factor may be the Introduction of additional donatable hydrogen into the coal 
which allows stabilization of reactive fragments before they can crosslink. 

CONCLUSIONS 

The preliminary conclusions from this study are as follows: 

The extent of retrograde reactions for low rank coals (lignite, subbituminous) is significantly 
reduced by methylation and demineralization. However, these treatments do not have much 
impact on bduminous coal. 

Ion-exchange has a modest positive impact for most low rank coals while drying has a modest 
negative impact. Drying had little impact on the liquefaction yields from the bituminous coal, 
while the ion-exchange treatment had a modest negative impact. 

In nearly all cases, the changes in the amounts of pyridine solubles by these pretreatments 
parallel the changes in the amounts of toluene solubles. 

The results from pyrolysis studies of crosslinking in coals and coals modified by methylation, 
demineralization, or ion-exchange are relevant in liquefaction. 
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EFFECT OF PRE-TREATMENT TECENIQUES ON LOW SEVERITY COAL 
LIQUEFACTION AND CO-PROCESSING 

R.M. Baldwin, 0.  Nguanpraesert, D.R. Kennar, and R.L. Miller 

Colorado School of Mines 
Golden, CO 80401 USA 

ABSTRACT 
Liquefaction reactivities of a Wyodak subbituminous coal 
from the Argonne Premium Coal Sample bank have been measured 
for both raw and alkylated coals under a variety of reaction 
conditions. Coals have been alkylated to two different 
levels using a selective (0-alkylation) procedure, and 
liquefied at both low and high severity conditions in a pure 
hydrogen donor vehicle (DHP) and petroleum resid. Results 
show alkylation to be a powerful pretreatment technique for 
reactivity enhancement. 

INTRODUCTION 
Recent research efforts in direct coal hydroliquefaction 
have centered on development of methods for achieving high 
conversions and product yields at low reaction severity. 
Conducting the primary (first-stage) liquefaction step at 
low temperature has potential implications in terms of the 
inherent reactivity of the coal-derived materials for 
second-stage catalytic upgrading, in that these moieties 
should be less refractory than if produced under more 
conventional (e.g. high temperature) conditions. Further, 
the processing and economic advantages attendant to carrying 
out coal conversion at low temperatures/pressure/residence 
time combinations are clear. 

One method for achieving this goal of high yield at reduced 
reaction severity is by employing a pretreatment step for 
the coal used in the liquefaction step. Researchers at the 
Pittsburgh Energy Technology Center (1). Stanford Research 
Institute (2), North Dakota Energy Research Center (3), 
University of Chicago ( 4 ) ,  and Colorado School of Mines ( 5 ) ,  
have all recently reported on various methods for improving 
coal reactivity at mild reaction conditions. This paper 
describes our most recent efforts to improve intrinsic coal 
reactivity using alkylation as a pretreatment step prior to 
liquefaction. This work derives principally from the 
published studies of Schlosberg et al. (6), who investigated 
the liquefaction reactivity of two 0-alkylated coals at high 
severity conditions ( 4 2 7  OC, 130 minute reaction time). 
These investigators found a 10-21% increase in cyclohexane 
soluble conversion for the alkylated coals. 

A Wyodak subbituminous coal from the Argonne Premium Coal 
Sample Bank was used as the starting material in all cases. 
The coal was alkylated following procedures first developed 
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by Liotta et al. (7), and later modified by Ettinger and co- 
workers (8). The alkylation reaction time was varied from 
the original Liotta recipe in order to achieve different 
levels of alkylation. The alkylated coal samples were dried 
under high vacuum (c.a. 10 microns) at approximately 90 OC, 
and analyzed by photoacoustic FTIR in order to verify that 
alkylation had occurred. Extent of alkylation was 
determined by elemental analysis of the dried samples 
(Huffman Laboratories, Golden, CO). Liquefaction 
experiments were carried out )n tubing-bomb microautoclave 
reactors (volume of c.a. 20 cm ) under four sets of reaction 
conditions which were intended to simulate both low and high 
Severity liquefaction under direct hydrogenation (DHP 
vehicle) and co-processing (petroleum resid vehicle) modes 
of operation. Low severity liquefaction and co-processing 
reactions were conducted at 350 OC, 5 and 30 minutes 
reaction time while high severity reactions were conducted 
at 425 OC, 5 and 30 minute reaction times. All reactions 
were carried out under a hydrogen blanket with an initial 
(cold) pressure of 7 MPa. Coal conversion was monitored by 
THF solubility. 

RESULTS 
Samples of the Wyodak subbituminous coal were alkylated to 
differing degrees by variation of alkylation time. Analyses 
of the raw and alkylated coals are presented in Table 1. As 
shown, an alkylation reaction period of 12 hours resulted in 
addition of 6 alkyl (CH3) groups per 100 carbon atoms, while 
reaction for 24 hours gave 12 groups added per 100 carbon 
atoms. Results for liquefaction of these samples under both 
low and high severity conditions and in both direct 
hydrogenation and co-processing modes of conversion are 
presented in Figures 1 - 4. As shown, substantial 
improvements are present in liquefaction yields (THF 
solubility, DAF), with the greatest enhancement at low 
severity reaction conditions. At 350 OC, liquefaction 
enhancements range from 150% to 200% (based on raw coal 
conversion), with a nearly 70% conversion to THF solubles 
obtained for the most highly alkylated sample under direct 
liquefaction conditions at 30 minutes reaction time in DHP. 
Similar results are evident in the co-processing mode of 
operation, where conversions at low severity are, in some 
cases, three times higher than the parent coal. 

Reaction at higher severity conditions reduces but does not 
eliminate the beneficial effect of the 0-alkylation 
pretreatment. In general, the effect on conversion is in 
the range of 10 to 30%, with the largest increase noted for 
samples reacted in resid (co-processing mode). Very 
substantial conversions are obtained under co-processing 
conditions, as evidenced by a THF conversion of 83% for the 
most highly alkylated sample at 425 OC, 30 minutes reaction 
time . 
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The effect of extent of alkylation on reactivity at low 
severity is shown in Figures 5 (DHP vehicle) and 6 (resid), 
where conversion increase is plotted as a function of extent 
of alkylation. As shown, the effect of alkylation on 
reactivity is not linear, with the largest increase 
occurring between 0 and 6 groups added under direct 
hydrogenation liquefaction conditions. 

CONCLUSIONS 
Mild 0-alkylation has been shown to be a beneficial pre- 
treatment method for Wyodak subbituminous coal which 
contains a substantial amount of organic oxygen. Similar 
results have been reported by other researchers (9), who 
have also shown that the effect of 0-alkylation is much 
lower when a low oxygen bituminous coal is pretreated in the 
same fashion. These data serve to reinforce the hypothesis 
that organic oxygen sites in coal function as initiators for 
regressive reactions during the initial stages of coal 
liquefaction. These regressive reactions may be of most 
significance during the heat-up period (in the pre-heater of 
a liquefaction reactor) where the hydrogen activity (in 
terms of radical quenching) of the system is relatively low. 
Selective alkylation may serve to passivate the oxygen 
sites, thus supressing the cross-linking that takes place 
during initial stages of coal thermolysis. 
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TABLE 1 
ANALYSES OF R A W  AND ALKYLATED COALS 

DRY BASIS 
SAMPLE - C - H &zi - E 1  

Wyodak (raw) 68.43 4.88 8.77 0.00 

LW-73 68.80 6.44 7.00 12.86 

LW-83 69.60 5.76 6.56 6.02 

1. 
groups added per 100 carbon atoms 

2. 
Laboratories 

3. Analyses performed by Huffman Laboratories, Golden, CO 

Extent of alkylation in units of number of alkyl (CH3) 

Analytical data provided by Argonne National 
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